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ABSTRACT 
Interfacial Engineering for Polymer Nano-Composites with Tailored Properties 
Lucas Amspacher 
Dr. Christopher Y. Li 
 
Shape memory polymers (SMPs) are a unique class of materials that exhibit a 
mechanical action under an applied external stimulus.  The past several years have 
witnessed significant advances in SMP nano-composites, new recovery triggering 
mechanisms, and applications development.  This work explores the effects of carbon 
nanotube (CNT) nano-hybrid shish kebabs (NHSKs) as the filler material in a shape 
memory epoxy (SME) nano-composite.  CNTs decorated with poly(ethylene-co-acrylic 
acid) (PEcoPAA) single crystal lamellae were synthesized for improved chemical 
functionality, dispersion, wetting behavior and mechanical reinforcement.  Bulk SME 
nano-composites were produced using a solvent evaporation and in situ epoxy 
polymerization technique with multi-walled CNT NHSK fillers.  These composites 
showed a Young’s modulus increase of 16.7% at 2.5 NHSK wt.% (0.5 MWCNT wt.%), 
but were limited by NHSK/epoxy phase separation, synthesis difficulties and NHSK 
purity.  Single-walled CNT NHSK composites were also explored by impregnating 
buckypaper-like NHSK films with SME.  NHSK film scaffolds were produced with 
improved CNT distribution and exfoliation from NHSK functionalization.  The 
composite films showed an astounding 644% increase in Young’s modulus and their high 
conductivity enabled an electro-active shape memory stimulus mechanism.  Complete 
shape memory recovery was achieved in seven seconds using an electric potential of 120 
volts DC.  Applications are anticipated in actuators, sensors, deployable devices, self-
repairing structural materials, smart coatings and robotics.
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CHAPTER 1 
 
INTRODUCTION 
Since their discovery [1], carbon nanotubes (CNTs) have attracted tremendous 
attention in polymeric nano-composites due to their extraordinary mechanical, electrical, 
and thermal properties [2-5].  However, their commercial success has been limited due to 
many challenges in efficiently transferring CNTs phenomenal physical properties into the 
matrix material [6].  CNT dispersion and solution stability must be controlled during 
composite production in order to limit CNT bundles and optimize the CNT/matrix 
interfacial area.  Consequently, many researchers have focused on functionalizing CNTs, 
or altering their surface chemistry, to improve CNT dispersion and composite properties 
[7-9].  Nano-hybrid shish kebabs (NHSKs) are a unique non-covalent functionalization 
technique in which the CNT surface is periodically decorated with polymer single crystal 
lamellae [10].  By controlling the crystallization conditions during NHSK synthesis, the 
polymer single crystal size, and thus the degree of functionalization can be controlled 
[11].  Additionally, the rigid single crystals and NHSK structure create a nano-anchor 
effect, further enhancing the load transfer of the polymeric matrix to the CNTs by 
enhancing the nano-filler/matrix interface [12].   
More recently, shape memory polymers (SMPs) have gained attention as a result 
of their ability to exhibit a mechanical action triggered by an external stimulus [13].  Or 
in other words, these materials have dual shape capabilities, and will change shape in a 
predefined way, determined from processing.  This phenomenon makes SMPs ideal for 
many complex applications in sensors, switches, actuators, smart textiles, self-deploying 
devices, biomedical implants, self-healing materials and others [14-17].  SMPs offer 
several advantages over shape memory metallic alloys because their weight, volume and 
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cost are significantly less [18].  Furthermore, the shape memory transition temperature is 
easily tunable in many SMP systems, making these materials extremely versatile.  
Unfortunately, SMPs also have several intrinsic disadvantages, such as: low thermal 
conductivity, low mechanical properties, high thermal expansion coefficients, and 
reduction in shape memory performance after several cycles [19]. By incorporating nano-
fillers into a SMP matrix many of these deficiencies can be improved and the properties 
of the nano-composite can be tailored for a variety of shape memory applications. 
This work explores the use of NHSKs as a nano-filler in a SMP matrix material.  
NHSKs offer possibilities to improve the mechanical properties of the matrix material via 
improved CNT dispersion and matrix interfacial interactions.  Moreover, the high 
conductivity of CNTs introduces the potential for conductive composites with multi-
functionality and alternative shape memory stimulus mechanisms [20].  Multi-walled and 
single-walled CNT NHSKs were synthesized and incorporated into a SMP matrix using 
two different synthesis techniques.  The resulting NHSKs and composites were studied 
using a plethora of characterization techniques to determine the feasibility of NHSK SMP 
nano-composites and their various applications.
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CHAPTER 2 
 
BACKGROUND 
2.1 Carbon Nanotubes 
The formation of needle-like tubes of carbon, also known as carbon nanotubes 
(CNTs), was first reported by Sumio Iijima in 1991 [1].  Using an arc-discharge 
evaporation method, similar to C60 fullerenes, high-resolution Transmission Electron 
Microscopy (TEM) showed that CNTs were formed on the negative electrode.  The 
material consisted of molecular scale sp2 bonded graphitic carbon sheets, which were 
wrapped into seamless tubular structures.  Since Iijima’s discovery, CNT research has 
continued to be the forefront topic at many universities and laboratories.  CNTs unique 
structure and properties have made them an extremely versatile material with many 
applications.  CNTs are frequently used in nano-composites, electrochemistry energy 
storage, semiconductor nanowires, field effect transistor (FET) devices, sensors and 
many others [21]. 
2.1.1 Synthesis 
Today CNTs are typically made by two approaches, the decomposition of other 
carbon-containing materials and chemical vapor deposition (CVD). To decompose other 
carbon compounds, typically 3000-4000o C is needed, which is commonly achieved in 
methods such as arc-discharge and laser ablation.  Arc-discharge is a very popular 
synthesis technique, however the CNT yield is quite low (20-40%), and it is not a 
continuous process.  CVD is the most promising technique for the commercial production 
of CNTs.  CNTs can be produced in much larger quantities and at lower temperatures 
(500-1200o C).  Thermal disproportionation of carbon monoxide is the most popular 
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technique, frequently used in High Pressure Carbon Monoxide (HiPCO) and Cobalt 
Molybdenum Catalyst (CoMoCAT) methods.  Pyrolysis of other compounds such as 
methanol, ethanol and acetylene have also shown to be successful.  In addition to the 
main methods discussed above, CNTs can also be produced by the decomposition of 
metal carbides, chlorination of carbides, defoliation of graphite, AC plasma processing 
and several other techniques [22]. 
2.1.2 Structure and Physical Properties 
CNTs are long cylindrical tubes of sp2 hybridized graphitic carbon.  Each carbon 
atom is bonded to three other carbons, 0.14 nm apart, in a hexagonal network [21].  In 
graphite, the sp2 planar sheets are weakly bonded to each other with van der Waals 
(VDW) bonds, leading to poor mechanical properties from plane slippage.  Conversely, 
in CNTs the graphitic sheet is folded into a seamless cylindrical shape, with all sp2 
carbon atoms covalently bonded in a curved hexagonal network.   Carbon nanotubes are 
typically divided into two categories: single-walled carbon nanotubes (SWCNT) and 
multi-walled carbon nanotubes (MWCNT).  A SWCNT consists of one single graphitic 
graphene layer.  The diameter of the SWCNT is limited by the curvature-induced strain 
on the tube, approximately 0.4 nm[23], however most tubes are 1 to 1.4 nm in diameter 
[22].  MWCNTs contain 2 or more layers of graphitic carbon.  Each layer is 
approximately 0.335 nm apart, very similar to the interplanar spacing in planar graphite 
[21].  Compared with SWCNTs, MWCNT are stiffer, especially in compression, due to 
their multi-shell structure [24].  Large-scale synthesis of MWCNT has also shown to be 
effective using many types of CVD methods with and without catalysts, making their 
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costs lower than SWCNT [21].  A high-resolution transmission electron microscopy 
(HRTEM) image of MWCNTs is seen below in Figure 2.1. 
 
Figure 2.1. HRTEM image of MWCNTs.  The two tubes differ by one graphitic layer.  A defect in one of 
the CNTs shell structure is also seen [25]. 
 
The lattice structure of CNTs is typically described by their three symmetrical 
conformations, ‘zig-zag’, ‘armchair’ and chiral, as seen in Figure 2.2 below.  The two 
high symmetry conformations are called ‘zig-zag’ and ‘armchair’. In the ‘zig-zag’ 
conformation, most of the C-C bonds are parallel to the tube axis, where as most of the 
C-C bonds are perpendicular to the tube axis in the ‘armchair’ conformation.  Both of 
these conformations are achiral, because their mirror images are identical.  On the other 
hand, chiral nanotubes have a varying degree of chirality, depending on the CNTs angle 
relative to a graphene sheet.  
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Figure 2.2. A schematic showing the symmetrical conformation of CNTs relative to a sheet of graphene.  
Chiral nanotubes are defined by the chiral vector R, where R=na1+ma2, a1 and a2 are unit vectors, and n and 
m are integers. The integers n and m are related to the chiral angle.  In ‘armchair’ n=m, ‘zig-zag’ m=0, and 
all other n and m values correspond to chiral nanotubes [21]. 
 
CNTs numerous applications stem from their unique molecular structure, which 
gives them their outstanding material properties, such as high electrical and thermal 
conductivity, as well as extraordinary mechanical properties.  Carbon-carbon sp2 bonds 
form the strongest networks of all other elements, theoretically making carbon nanotubes 
the stiffest and strongest materials of all known substances[21].  On the other hand, 
graphene is known for being a semiconductor with a zero-band gap, or as a metal with an 
infinitely small density of states at the Fermi level. The delocalized π-electrons, from the 
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sp2 conformation, are free to move resulting in these properties. Similar electronic 
behavior is translated into CNTs, however they are greatly affected by the symmetry and 
curvature of the tube, which is defined by the n and m integers (see Figure 2.2), also 
called the Hamada indices [26-28].  In general, ‘armchair’ nanotube conformations and n-
m indices divisible by 3 have metallic properties, where as all other n and m integer 
values show various degrees of semiconducting properties [21].  Hamada indices can also 
be used to calculate the diameter of CNTs[29].  However, experimentally it is very 
convenient to measure SWCNT diameters using Raman spectroscopy.  SWCNTs exhibit 
a one-dimensional quantum confinement, with strong diameter dependence [30].  Using a 
resonant scattering Raman technique, CNT diameters can be determined from shifts in 
the Raman band frequency. 
The mechanical properties of CNTs were first measured in 1996 [3], using a 
thermally induced cantilever vibration system under a TEM.  Eleven nanotubes were 
tested with an average modulus of 1.8 TPa, much higher than carbon fiber, carbon 
whiskers and in-plane graphite.  In another experiment, CNTs were tensile tested using 
an atomic force microscopy(AFM) tip, under a scanning electron microscope (SEM) [31, 
32].  The CNTs first stick to the tip because of van der Waals forces, and are 
subsequently welded using electron beam deposition.  These experiments yielded a 
young’s modulus of 1-1.2 TPa, a tensile strength of 36 GPa, and a failure strain of 6%, 
making CNTS some of the strongest materials in existence. 
Using a scanning tunneling microscope (STM) under low temperature, it was 
shown experimentally how the atomic structure of CNTs is related to their electronic 
structure and corresponding properties [33, 34].  This provided experimental support of 
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CNT chiral angles, or n and m integers, producing various degrees metallic to 
semiconducting CNTs.  SWCNT and MWCNT have very similar electrical properties, 
since each graphitic layer has very weak interactions in MWCNTs [5].  Typically the 
outer-shell of MWCNTs is responsible for most of the electron conduction.  However, 
MWCNTs have unique alternating metallic and semiconducting shells.  Thus removing 
the outer graphitic layer will switch the conductivity of the CNT from metallic to 
semiconducting or vice versa [5].  Additionally, along the tube length, a current density 
as high as 109 A/m2 has been measured in CNTs, making them very promising for 
microelectronic devices [5].  CNTs also have a large phonon mean free path length, 
leading to theoretical thermal conductivities as high as 6000 W/(mK) [4]. 
2.1.3 Chemistry and Functionalization 
One of the biggest challenges in working with CNTs is their propensity to 
aggregate.  CNTs have a very large aspect ratio and strong VDW attractions between 
nanotubes, which leads to the formation of CNT bundles [6].  In many applications it is 
important to remove these aggregates in order to take advantage of CNTs great individual 
properties.  The solubility of CNTs is a major issue for processing and there are no true 
CNT solvents [6].  However, with the aid of ultra-sonication, CNTs can be dispersed in 
very few solvents.  For example, CNTs have shown to have a solubility of 95 mg/L, or 
approximately 0.007 wt.%, in 1,2-dichlorobenzene (DCB) [35].  In order to enhance the 
solubility and dispersion of CNTs, many researchers have modified the surface of CNTs.  
There are generally two approaches for surface modification: covalent and non-covalent 
functionalization. 
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 The sp2 carbon-carbon bonds of graphite and carbon nanotube structures are 
extremely inert and unreactive.  Pure pristine CNTs are capped at the tube ends with 
hemi-fullerenes, leaving no unreacted bonds on the entire tube[21].  However, during 
covalent functionalization, the CNT surface is chemically reacted with other species.  The 
first successful covalent functionalization was shown using fluorination at high 
temperatures (500 oC) and gaseous F2, evident by IR spectroscopy [36, 37].  However, 
covalent functionalization of CNTs, such as fluorination and many others, involves the 
creation of defect sites.  Similar to many other material systems, the properties of CNTs 
are greatly affected by defects. Several types of defects can exist on CNTs, as seen in 
Figure 2.3 below. 
 
Figure 2.3.  Four typical defects found in CNTs.  A.) Pentane and Heptane rings causing bends in the tube 
structure. B.) Sidewall sp3 hybridized defects such as –OH and =R bonds. C.) Oxidation creating –COOH 
groups and holes in CNT structure D.) Open tube ends decorated with –COOH, -NO2, -OH, -H and =O 
bonds [7]. 
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Covalent functionalization of CNTs is sometimes referred to as ‘defect-site 
modification’, since it involves the creation of defects on the CNT sidewall, by breaking 
the sp2 conformation, or using already existing defects [38].  For example, pristine tubes 
can be easily oxidized using strong acids and oxidizers [38], as seen in Figure 2.4.  The 
carboxylic acid groups can be further reacted with other species, for various 
functionalization opportunities. For example thiol-alkylamines will react with carboxylic 
acids to form thiol functionalized CNTs [39]. Amine functionalization is also possible 
after thionyl chloride treatment of oxidized CNTs, providing opportunities to cross-link 
CNTs with epoxy in a composite application [40, 41]. 
 
 
   11 
 
 
Figure 2.4. Oxidization of CNTs and examples of subsequent functionalization [38]. 
 
Covalent attachment of polymers by grafting is another important covalent CNT 
functionalization method.  Polymers can be ‘grafted to’ CNTs by reacting the CNTs 
defect sites with polymer chain ends[22].  For example, Polystyrene (PS) has been 
successfully ‘grafted to’ CNTs using amide and ester reactions [42].  Thionyl chloride 
treated carboxylic acid groups have shown to be effective for grafting Poly(ethylene 
oxide) (PEO) to CNTs [43].  In addition, Poly(methyl methacrylate) (PMMA) can be 
grafted to CNTs using a sonochemical reaction[44].  Covalent polymer CNT 
functionalization can also occur using a ‘graft from’ technique, where an initiator is 
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attached to the CNT side wall, and monomers are subsequently polymerized.  
Polystyrene, polystyrene sulfonate, poly(4-vinylpyridine) and other polymers have all 
been covalently functionalized to CNTs using a free radical initiator and the ‘grafting 
from’ technique [45-47]. 
 One important drawback to chemical functionalization is that all such methods 
break the CNT sp2 conformation, creating defect sites, and subsequently damaging the 
mechanical and electrical properties of CNTs [48, 49].  Molecular dynamics shows that 
the compressive buckling force of pristine CNTs compared with covalent functionalized 
CNTs was decreased by at least 15% [49].  Electrical conductivity was affected even 
more significantly, decreasing from 25,000-40,000 S/m to 30-300 S/m, when comparing 
pristine CNTs and covalently functionalized CNTs [48]. 
 CNT dispersion and solubility can also be enhanced using a non-covalent 
functionalization method.  In this case, the CNT sidewall is coated or wrapped by a 
surfactant, oligomer, biomolecule or polymer, which prevents CNT/CNT and 
CNT/solvent interactions [50-54].  For example, single stranded DNA (ssDNA) forms a 
complex with CNTs, which enhances dispersion in water [55, 56]. Similarly, linear 
polyvinyl pyrrolidone (PVP) and polystyrene sulfonate (PSS), both tightly wrap around 
CNTs in water, enhancing dispersion and preventing aggregation [53].  However, the 
polymer is released when the CNT is changed to a good solvent.  Star et al have 
successfully functionalized and enhanced CNT dispersion in several solvents by 
wrapping CNTs with various polymers [8, 57].  Surfactant molecules, such as 
benzalkonium chloride and sodium dodecylsulfate also enhance CNT dispersion in water 
by minimizing interactions with the slightly hydrophobic surface of CNTs [58].  The 
   13 
 
pyrene group in 1-pyrenebutonaoic acid succinimidyl ester has shown to have a strong 
non-covalent attraction to CNTs [52].  Consequently, the ester group on the attached 
molecule can then bond with many different biomolecules, such as ferritin and 
streptavidin, subsequently making this a great system for biosensors [59].  Clearly, there 
are many techniques for non-covalently functionalizing CNTs, with unique applications 
associated with each method.  In general, the biggest advantage to using a non-covalent 
functionalization method is that the CNT structure is not damaged, since no defects are 
created. Thus, electrical, thermal and mechanical properties of the CNTs are maintained 
[48, 49].  However, the non-covalent interactions are obviously not as strong as covalent 
bonds. 
2.1.4 CNT Polymeric Composite Synthesis 
CNTs unique physical properties, discussed in detail above, make them promising 
nano-fillers for composite materials.  However, their commercial success has been 
limited, despite the first CNT composite being reported in 1994 [2, 6].  All known CNT 
synthesis methods produce mixtures of chiralities, lengths, diameters, impurities and 
defects, which makes experimental results difficult to reproduce [6]. Despite the 
synthesis complications, the most troubling aspect for CNT composites is efficiently 
transferring CNTs great properties into the matrix material.  For example, in order to 
efficiently transfer stress in CNT composites, CNT bundles must be limited to optimize 
the CNT/matrix interfacial area [6].  Thus, CNT dispersion and solution stability must be 
controlled during CNT/composite production.  As mentioned earlier, there are numerous 
functionalization methods to alter CNTs surface chemistry and greatly enhance their 
dispersion.  Consequently, most research attention has focused on CNT/polymer 
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fabrication techniques to increase dispersion and subsequently improve composite 
properties.   
There are many CNT/polymer composite synthesis methods, however the most 
common techniques are: solvent blending, bulk and melt mixing and in situ 
polymerization [60].  In solvent blending CNTs are dispersed in a solvent by vigorous 
stirring and sonication, followed by mixing the dispersed CNT solution with a polymer 
solution.  Controlled evaporation is then used to remove the solvent, and create the 
CNT/polymer composite.  The first example of this technique was accomplished by 
sonicating MWCNTs in ethanol, followed by mixing with an epoxy monomer and curing 
agent [2].  The volatile ethanol was evaporated out, and then the mixture was poured into 
a mold and cured.  The biggest obstacle to this processing technique, is the re-
agglomeration of CNTs during solvent evaporation, or when sonication has stopped [60].  
To combat re-agglomeration, an additional coagulation step can be used, where the 
CNT/polymer/solvent solution is cast into a non-solvent, forcing the polymer to wrap the 
CNTs[61].  The precipitated polymer chains trap the CNTs in place, preventing them 
from re-agglomerating, and maintaining homogenously distributed in the polymer matrix. 
Bulk mixing, or using ball milling to mix CNT powder with polymer powder has 
also been shown to create homogenous composites [60].  The localized high pressures 
generated from collisions in ball mixing initiate homogenous thorough CNT mixing.  
This technique was proven successful creating a CNT/polypropylene composite [62].  
However, ball milling will also cleave the CNTs, resulting in short nanotubes [63].  On 
the other hand, during melt mixing CNTs are mixed with melted polymer and large shear 
forces, commonly achieved using a hot press, calendaring or extruder processing method, 
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will generate dispersed homogeneous composites [60].  CNT/polymethylmethacrylate 
(PMMA) composites with good dispersion were successfully created using both hot press 
and extrusion melt mixing techniques [64, 65] 
During in situ polymerization, monomers are polymerized in the presence of 
CNTs.  Since the monomer molecules are generally small, it is easier to create 
homogeneous CNT mixtures, thus composites with larger CNT weight fractions can be 
created [60].  However, the π-electrons in CNTs act as free radical scavengers, 
consuming initiator molecules, and inhibiting vinyl polymerization [66]. In order to 
achieve high molecular weight composites, using free radical polymerization, the CNTs 
must be added shortly after mixing the initiator and monomer [67].  In situ vinyl 
polymerization has been used on a number of CNT/polymer composite systems, such as 
PMMA and polystyrene [67, 68].  In one example, enhanced thermal and electrical 
properties were achieved in a CNT/polystyrene composite by applying a constant 10 tesla 
magnetic flux density during the vinyl polymerization, and consequently aligning the 
nanotubes [60, 68].  In addition to vinyl monomers, in situ polymerization composite 
synthesis has also been achieved using step growth polymerization, as in epoxy networks, 
polyamides, and silicone elastomers [69-71].  For epoxy composites, it was shown that 
applying an AC or DC electric field during curing will align the CNTs, enhancing the 
thermal and electrical properties of the composite [71]. 
For many applications polymer fibers are desired instead of bulk polymer 
composites.  It was shown using CNT/PMMA melt spinning, that composite fibers could 
be created with aligned CNTs, enhancing the mechanical and electrical properties [64].  
In addition to melt spinning, electro-spinning can also be used to make CNT/polymer 
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composite fibers [60].  Polyacrylonitrile (PAN) and poly (ethylene oxide) (PEO) CNT 
composite fibers have both been created using electro-spinning [72, 73]. 
Lastly, CNT/polymer composites can be synthesized using CNT films.  
Dispersing CNTs in a solvent followed by vacuum deposition will create a porous CNT 
sheet, often called buckypaper [74].  Infiltrating the porous film with polymer will then 
produce a CNT/polymer film composite.  CNT buckypaper composite films have been 
created using polystyrene[75] and epoxy, by simply soaking the CNT films in polymer 
solution [76].  CNT weight fractions as high as 82 wt.% with conductivities of 7000 S/m 
have been achieved using this method [75].  This fabrication technique is very suitable 
for high CNT loading, which is important for the development of high-performance 
CNT-composites [60].  However, CNTs in buckypaper are typically present in bundles, 
severely limiting the interfacial interactions with the matrix filler [12]. 
2.1.5 CNT Polymeric Composite Characterization and Properties 
The degree of nanotube dispersion in composites is usually investigated using a 
variety of microscopy characterization techniques for the appropriate length scales.  
Visual inspection using optical microscopy, scanning electron microscopy and 
transmission electron microscopy are the most common methods [6].  Unfortunately 
scattering characterization techniques are difficult to analyze because the CNT/polymer 
contrast is very low [6, 77, 78].  However, measuring the mechanical properties of the 
CNT composite can normally determine if the CNTs are well dispersed.  In general, 
tensile modulus and strength will increase with nanotube loading, dispersion and 
alignment [6].  As mentioned earlier, better CNT dispersion will enhance the interfacial 
interactions with the polymer matrix, and subsequently increase the load transfer to the 
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CNTs.  Poor dispersion is the main reason why CNT mechanical properties are much 
lower than theoretically expected [6].  Additionally, CNT/polymer matrix adhesion is 
extremely weak due to the one-dimensional geometry of CNTs, lack of covalent bonds, 
and large thermal expansion co-efficient differences with the matrix[79].  In order to 
advance the properties of the matrix material, these interfaces must be tailored for 
improved interactions.  As seen in Figure 2.5 below, thermal stresses induced during in 
situ TEM experiments caused the ‘slippery’ CNTs to pull out of a polystyrene matrix 
[80]. 
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Figure 2.5. TEM image of crack formation in a polystyrene film caused by thermal stresses and weak 
interfaces inducing CNT pull out [80]. 
 
 Covalently bonding the CNTs to the polymer matrix has shown to increase the 
overall composite mechanical properties, by increasing the interfacial load transfer [6].  
For example, carboxylic acid functionalized SWCNTs were grafted to nylon-6 to make a 
CNT/polymer composite.  At 1 wt.% CNT loading the Young’s modulus was increased 
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153% and tensile strength increased 103% [81].  However, oxidizing the CNT sidewall, 
and creating sp3 defects damages the mechanical properties of the CNTs, and 
dramatically decreases the electrical properties, as mentioned earlier [48, 49].   
 CNTs electrical properties make them a very promising nano-filler for conductive 
composites [6, 60].  Very small CNT loading, such as 0.1 wt.% or less, have shown 
orders of magnitude increase in electrical conductivity [82].  Conductive composites are 
very favorable for applications in electrostatic dissipation, electrostatic painting, EMI 
shielding, printable circuit wiring, and transparent conductive coatings [83].  Composites 
typically become conductive when the CNT filler content reaches a critical value, called 
the percolation threshold [6].  At the percolation threshold, a large jump in conductivity 
occurs because the filler is able to form a 3-dimensional conductive network.  CNT 
percolation thresholds can range from 0.005 vol.% all the way to a few vol.% [82].  The 
percolation threshold and electrical conductivity is strongly influenced by the CNTs 
aspect ratio, dispersion and alignment [6].  Typically larger aspect ratios and better 
dispersion will require less filler material to create the 3-dimensional conductive network 
and reach the percolation threshold [6].  On the other hand, CNT alignment will lead to 
less CNT contacts, increasing the required filler content to reach the percolation threshold 
[61].  Figure 2.6 below shows conductivity vs. SWCNT weight fraction for an epoxy 
composite system[84]. 
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Figure 2.6. Conductivity vs. SWCNT weight % in Epoxy/SWCNT composite.  At very low SWCNT 
additions the percolation threshold is reached, dramatically increasing the conductivity of the composite 
[84]. 
 
2.2 Polymer Crystallization 
Polymer chains can fold, in a regular three-dimensional repeated order, creating 
crystalline regions.  These polymer crystals are connected to amorphous domains, 
creating a semi-crystalline polymer.  The higher attractive forces in crystalline regions, 
lead to better mechanical properties and approximately 15% higher density, compared to 
amorphous polymer regions [85].  Due to entanglements from their long chain nature 
polymers can only achieve 100% crystallinity through heroic efforts [86].  Lower 
crystalline fractions are common among polymers when they are crystallized from 
solution or melt [85]. In general, polymer crystallization is slow and can occur at many 
different temperatures, which is very different from small molecule crystallization.  
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Polymer crystallization is strongly dependent on: intermolecular forces, structure 
regularity, chain flexibility, polarity and side group size [85].  For example, linear 
polymers with no chiral centers, such as polyethylene (PE) and polyethylene oxide 
(PEO), tend to crystallize very easily.  Crystallization behavior of polymers with chiral 
centers will depend on the stereochemistry regularity.  Polymers with random orientation, 
or atactic stereochemistry, have difficulty crystallizing compared to regular orientation in 
isotactic and syndiotactic polymer stereochemistry [85].                                                
2.2.1 Lamellae Structure and Crystallization Theory 
During dilute solution crystallization, polymer chain folding will create lamellae 
crystals of about 10 to 20 nanometers thick with the folding surface as the large flat 
lamellae crystal surface [85].  The slowest growing crystal planes typically control the 
shape of the crystal. The size, shape and regularity of the lamella crystals depend on 
several conditions, such as: solvent, temperature, concentration and growth rate [85].  An 
example of a polymer single crystal is seen below in Figure 2.7.   
 
 
Figure 2.7.  Polyethylene single crystal precipitated from xylene, as seen by transmission electron 
microscopy [85]. 
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The most widely accepted theory for polymer crystal nucleation and growth was 
developed by Lauritzen and Hoffman in the late 1950’s and early 1960’s [87-89].  
Hoffman et al assumed that chain folding and lamellar formation are kinetically 
controlled, and that the crystals are in a metastable state.  The thermodynamically most 
stable crystal form is the extended chain, which can only be created in extreme high-
pressure conditions [86].  Figure 2.8 below shows a schematic developed by Hoffman et 
al to describe the formation of chain folded polymer single crystals. 
 
Figure 2.8. Hoffman schematic of a thin chain-folded polymer single crystal[89]. 
 
The basic Hoffman model is illustrated in Figure 2.8, where l is the crystal 
thickness, x is the large crystal dimension, σe is the folded surface interfacial free energy 
and σ or σs is the lateral surface interfacial free energy. 
The free energy of formation of this crystal can then be given by:  ∆!!"#$%&' = 4!"σ+ 2!!σ! − !!! ∆!                               (2.1) 
Where ∆! is the bulk free energy of fusion, and is temperature dependent following: ∆! =   ∆ℎ! − !∆!! =   ∆ℎ! − !∆!!!!! = ∆!!(∆!)!!!      (2.2) 
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Where ∆ℎ! is the heat of fusion per unit volume of the crystal, and !!!  is the equilibrium 
melting temperature for an infinite crystal, and ∆! is the difference between the melting 
temperature of a crystal with thickness l and the equilibrium melting temperature !!! . 
 Once a crystal is nucleated past a critical nucleus size, the limiting growth rate step 
is assumed to be the nucleation of a new lattice plan of molecules, which is a very unique 
feature to polymer crystallization [87].  Three regions of crystal growth are predicted 
where the kinetics of each are controlled by competition between nucleation and growth.  
Regime I, a single nucleation occurs on a substrate due to a small undercooling.  At a 
larger undercooling Regime II occurs and multiple nuclei are created on the substrate.  
An even further undercooling produces a Regime III type crystal growth, where 
nucleation is so prevalent that there is very small distance between nuclei.  In solution the 
growth rate of all three regimes can be expressed as [90]: !! ≈ !!!! exp  (!!!")exp  (!!! !!!∆! )        (2.3) 
Where c is the polymer concentration, ! is the power dependence that depends on the 
regime, !!is Avogadro’s constant, R is the universal gas constant, U is the activation 
energy of diffusion for the dissolved polymer, !! !  is the nucleation constant for that 
regime, !! is the crystallization temperature and ∆! is the difference between the 
crystallization temperature and equilibrium melting temperature.  Furthermore the 
constants for each regime are all related by [85]: !! ! ≅ 2!! !! ≅ !! !!!        (2.4) 
 Once a crystal has been formed, the melting behavior of the crystal can be related to 
the crystal thickness.  Since the free energy of formation ∆!!"#$%&' is zero during melting, 
and x>>l, equation 2.1 and 2.2 can be combined and rearranged so that [85]: 
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!! ! ≈ !!! 1− !!!!∆!!            (2.5) 
Where !! !  is the melting temperature of the crystal. 
Using the Hoffmann-Weeks equation, the crystallization temperature is also 
factored into the melting temperature, as seen below [91]: !! = !! !! + (1− !!)!!!       (2.6) 
Where r is the ratio of fold length to the length of the repeating unit. 
 In short, Hoffman et al developed a simple method to predict and describe 
polymer crystallization kinetics and crystal melting behavior of semi-crystalline 
polymers.  These fundamentals can be applied to various semi-crystalline polymer 
systems to form controlled structures for various applications. 
2.3 Nano-Hybrid Shish Kebabs 
CNTs have great properties on the nano-scale, however is it is difficult to 
efficiently translate these properties to the micro and macro-scale.  There are many 
obstacles in CNT composite synthesis due to poor solubility, dispersion and processing.  
As described previously, the CNT surface can be functionalized to improve dispersion 
and solubility. Typically, non-covalent functionalization involves coating or wrapping the 
CNT with a surfactant, oligomer, biomolecule or polymer [50-54].  However, CNTs can 
also be non-covalently functionalized by periodically decorating them with polymer 
single crystal lamellae [10]. The resulting functionalization technique and CNT structure 
has been coined ‘Nano-Hybrid Shish Kebabs’ (NHSK) due to the resemblance of a CNT 
‘shish’ decorated with polymer lamellae single crystal ‘kebabs’.  Similar to other 
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functionalization techniques,  NHSKs greatly enhance the solubility and dispersion of 
CNTs.  Figure 2.9 below shows the structure of a typical PE/CNT NHSK. 
 
Figure 2.9. PE/MWCNT NHSK. a.) SEM image b.) TEM image showing PE periodicity of 50-70 
nanometers c.) Schematic [10]. 
 
 
2.3.1 Synthesis, Structure and Properties 
NHSK were first reported by Li et al, using a solution crystallization technique 
with PE and Nylon 6,6 [10].  In the case of PE, CNTs were sonicated in p-xylene to 
exfoliate and de-bundle the CNTs.  At the same time a dilute solution of PE was 
dissolved in p-xylene at 120 °C.  The exfoliated CNT solution was then brought to 120 
°C and mixed with the dilute PE solution.  Cooling the solution to a lower temperature, 
where PE becomes unstable, can then lead to three things: homogenous nucleation of PE, 
heterogeneous nucleation of PE onto the CNTs, or CNT re-agglomeration [10].  It has 
been shown that at 104 °C it is thermodynamically more favorable for the PE to 
crystallize onto the CNT surface, thus non-covalently functionalizing the CNT, and 
preventing re-agglomeration [10].  In addition to solution crystallization, NHSKs have 
also been formed using bulk crystallization, physical vapor deposition, solvent 
evaporation and initiated chemical vapor deposition [11, 92, 93]. 
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 Pennings et al first discovered shish kebab-like structures when PE crystals were 
perpendicularly decorated onto a PE fiber after a hydrodynamic shear field [94, 95].  
However, this mechanism used a PE fiber, not a CNT, thus this is not a ‘hybrid’ shish 
kebab.  Additionally, the CNT surface provides a 1D nucleation site, which promotes 
crystallization with out a shear field [11].  Another phenomenon, transcrystallinity, 
occurs when there is very high heterogeneous nuclei density at an interphase.  The 
spherulite nuclei growth is hindered in the lateral direction, and forced to grow 
perpendicular to the substrate or interphase [96].  Transcrystallinity on CNTs is very 
common and has been studied using isotactic polypropylene (iPP), PE, poly (l-lactide) 
(PLLA), poly (phenylene sulfide) (PPS) and other polymers [97, 98].  Although 
transcrystallinity produces polymer crystals perpendicular to a substrate’s surface, the 
mechanism and morphology are very different from NHSKs.  
NHSKs are created by a ‘size-dependent soft epitaxy’ mechanism, in which the 
highly curved surface of the CNT leads to geometric confinement, and forces the polymer 
chains to align parallel with the CNT axis [11, 99].  Crystallizing onto a carbon nano-
fiber of about 100-300 nanometers, the soft epitaxy mechanism is hindered, and the 
crystals have no ordered direction [99].  Soft epitaxy is illustrated in Figure 2.10. 
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Figure 2.10. Schematic of size-dependent soft epitaxy [11]. 
 
Compared to other non-covalent functionalization methods, there are several 
advantages to NHSKs.  The kebab size, and thus the degree of functionalization, is easily 
controlled by the polymer concentration and crystallization conditions [11].  
Additionally, rigid single crystals are more robust than surfactant/polymer wrapping [11].  
The NHSK periodicity also creates a highly ordered structure, which makes the 
functionalization potentially more suitable for large-scale fabrication [11].  In general, it 
is very difficult to create ordered structures on this scale.  Since NHSK are typically 
synthesized in dilute solutions, the periodicity is dictated by polymer concentration 
fluctuations along the CNT surface during crystallization [100].  Lastly, the kebabs can 
be functionalized with a variety of polymer chain-end groups, for many different 
applications.  For example, thiol end-groups were previously used to attach gold nano-
particles to the polymer single crystal kebabs [101]. 
   28 
 
2.3.2 Applications 
Due to NHSKs unique morphology and structure they have many potential 
applications.  In nano-composites, the kebabs would act as nano-anchors making the load 
transfer to the CNT more efficient [11].  In this way, the ‘slippery’ CNT/matrix interface 
could be alleviated.  Various studies have shown that interfacial crystallization forms a 
stronger interfacial adhesion, improving the load transfer between the polymer matrix and 
nano-filler [98, 102].  A schematic of a NHSK nano-anchor is seen below in Figure 2.11.  
The high specific surface area of NHSKs also makes them a suitable system for catalyst 
supports [11].   Additionally, NHSK crystallization could potentially be used to 
fractionate different polymer molecular weights.  Depending on the CNT, it is 
thermodynamically more favorable for certain molecular weights to crystallize onto the 
CNT, thus polymer molecular weight separation can be achieved [11].   
 
 
Figure 2.11. Schematic showing the anchoring points of a NHSK polymer carbon nanotube nano-
composite (PCN) compared to a bare CNT. 
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In addition to the applications above, NHSKs have also been used to create 
buckypaper-like films with controlled pore-size, wetting, conductivity and opportunities 
for further functionalization [74].  These films have potential applications in sensors, 
electrochemical charge storage devices and coatings.  NHSK buckypaper is also suitable 
for creating composites with much higher CNT content[103] and improved properties 
from CNT exfoliation and excellent dispersion [12]. 
2.4 Shape Memory Polymers 
Shape memory polymers (SMPs) are a unique class of materials that exhibit a 
mechanical action triggered by an external stimulus [18].  In other words, these materials 
have dual shape capabilities, and can change shape, in a predefined way from shape A to 
shape B.  Where shape B is determined from processing, such as injection molding or 
extrusion, and shape A is from programming during mechanical deformation and 
subsequent fixing [13].  For example, in Figure 2.12, the flattened box (Shape A) is the 
programmed temporary shape at time t=0 seconds.  The final pre-defined shape, Shape B, 
is the closed box seen after 926 seconds of heating.  This special behavior makes SMPs 
attractive for many advanced applications in actuators, sensors, switches, biomedical 
implants, deployable devices, robotics and many others [18]. 
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Figure 2.12. Poly(ε-caprolactone) (PCL) dimethacrylate SMP, showing an example of a reusable packaging 
application [20]. 
 
Shape memory polymers are able to remember one or more shapes by polymer 
chain network elasticity [18].  SMPs can be stored into various temporary shapes, shape 
A, by material deformation and immobilization, which is usually triggered by 
vitrification or crystallization [13, 18].  During deformation and cooling, immobilizing 
the SMP creates stored latent strain energy in the material.  Upon reheating the material 
above the transition temperature, where network mobility is regained, the material will 
reform back to its permanent conformation, and release the stored strain energy [18].  In 
general, the shape memory effect stems from the molecular architecture of the polymer, 
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not the specific chemical structure or repeat units, making it possible in many polymer 
systems [13]. 
Lendlein et al describe shape memory polymers as elastic polymer networks, with 
stimuli-sensitive switches [14].  In general, the polymer consists of netpoints and 
switches.  The netpoints determine the permanent shape, and can be chemical or physical 
crosslinks.  Physical cross-linked netpoints typically occur when you have two segregated 
domains, such as those found in block co-polymers and segmented polyurethane [13].  
On the other hand, switches are generally polymer chain segments, which undergo a rigid 
to flexible entropic behavior.  For example, when the stimulus is applied, the switches 
will become flexible, allowing the polymer chains to move, removing the stored strain 
energy, and returning back to the lower energy state determined by the netpoints [13].  
Similar to netpoints, switching domains consist of either physical or chemical cross-links, 
however the switching domains are reversible.  Physical cross-linked domains are 
typically created by vitrification or crystallization of polymer chain segments.  Whereas, 
reversible chemical cross-links are controlled by functional groups, which can react both 
ways under an applied stimulus.  Figure 2.13 below shows a schematic of SMP netpoints 
and switching domains. 
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Figure 2.13. Schematic of SMP netpoints and switching domains.  Above the transition temperature, the 
switching domains are relaxed and flexible, thus the material is in its low energy shape, shape A, which is 
determined by the netpoints.  However, upon deformation and cooling the switching domains become 
immobile, essentially ‘freezing’ the polymer chains in the temporary shape, shape B.  Heating the material 
back above the transition temperature reopens the molecular switches, allowing the material to revert back 
to its permanent shape, shape B [13]. 
 
One technique to quantify shape memory materials is thermo-mechanical cycling, 
which is used to determine their strain fixity (Rf) and strain recovery (Rr).  Where strain 
fixity is the ability to maintain its temporary shape and store strain energy before a 
stimulus is applied, and strain recovery is the materials ability to return to its permanent 
shape after a stimulus is applied.  Rf and Rr are defined below[13]: 
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Where N is the cycle number, ∈! is the temporary shape after deformation, ∈! is the 
amount the sample is deformed to create a temporary shape, and ∈! is the permanent 
shape.  Typically both of these values are given as percentages, with 100% representing a 
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perfect shape memory fixity or recovery.  ∈!, ∈!, and ∈! are calculated during thermo-
mechanical cycling, as shown in Figure 2.14 below. 
 The thermo-mechanical cycle is completed in four steps, using uniaxial 
deformation [13]: First, the switching domains are opened by applying the stimulus and 
making the polymer chains flexible.  While the domains are open, a stress is applied to 
deform the material.  Second, the stimulus is removed, so that the polymer chains become 
immobile.  Third, the stress is removed and the material is fixed in the temporary shape 
or position.  Fourth, the stimulus is re-applied, which re-opens the molecular switches 
and allows the polymer chains to revert back to their low energy permanent shape.  
Figure 2.14 below shows a schematic of a typical thermo-mechanical cycle, explained 
above in detail. 
 
 
Figure 2.14. Schematic of a typical shape memory polymer thermo-mechanical cycle.  εp, εm, and εu are 
labeled, showing how strain fixity and strain recovery can be calculated using a thermo-mechanical cycle 
[18]. 
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2.4.1 Applications 
Shape memory materials have a wide range of applications, ranging from all areas 
of everyday life to biomedical, dentistry, smart insulation, space applications, smart 
textiles, reusable packaging, structural materials, actuators, switches and sensors etc [16-
18, 104, 105].  For example, shape-memory materials are suitable for advanced artificial 
muscle applications, because of the ability to expand and contract in response to chemical 
or electrical physiological changes in the body[106].  Additionally, shape memory 
materials are very attractive for space applications because of their light weight and the 
ability to enable self-deploying techniques [17].  Minimally invasive biomedical implants 
are the most thoroughly researched application, due to the huge advantages of shape 
memory behavior, as well as biocompatibility and biodegradability [18]. For example, the 
shape memory effect enables bulky implants to be placed inside the body through a small 
incision [15].  SMP research is continuing to flourish with a high level of innovation, and 
it is anticipated that many new applications will soon reach the market [18].  An example 
of a biomedical implant application is seen in Figure 2.15 below. 
 
 
Figure 2.15. Example of a biomedical SMP application.  A SMP stent can be inserted into the body via a 
catheter.  After applying a stimulus, the stent is expanded to its permanent shape [20]. 
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2.4.2 SMP Challenges 
Shape memory polymers are generally more appealing than metallic shape 
memory alloys because of their weight, volume and cost are significantly less[18].  
However, SMPs also have several intrinsic disadvantages, such as: low thermal 
conductivity, low mechanical properties, high thermal expansion coefficients, and 
reduction in shape memory performance after several cycles [19].  Polymers are typically 
thermally and electrically insulative.  Thus if the SMP has a thermal stimulus mechanism, 
it may take several seconds or minutes for the entire sample to heat above the transition 
temperature and complete the shape memory transition [20].  The mechanical properties 
of polymers are also much lower than metals.  Rigid polymers typically have an elastic 
modulus on the order of 2-5 GPa [107].  On the other hand, Nitinol has an elastic 
modulus around 20-60 GPa, depending on the temperature and treatment [108].  Relative 
to shape memory alloys, polymers also have a much larger thermal expansion coefficient 
(1 to 2 orders of magnitude larger) [18].  Alloys, such as Nitinol, undergo a diffusion-less 
solid state transformation, with little change in density or thermal expansion coefficient 
[109].  Whereas, SMPs have large changes in thermal expansion coefficients, intrinsic 
from there crystal melting or glassy-rubbery shape memory transitions [18].  Lastly, 
SMPs generally exhibit a loss of shape memory behavior, or hysteresis after several 
shape memory cycles [18].  There is a great need for highly efficient molecular switches, 
which will enhance the repeatability and lifespan of SMPs. 
In order to improve the behavior of SMPs, researchers have focused on creating 
new SMP fixing mechanisms, as well as developing SMP composites.  For example, to 
improve the thermal conductivity of shape memory polyurethane, a composite with 40 
wt.% aluminum nitride particles was synthesized [110].  The thermal conductivity of the 
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polyurethane was enhanced 3.7 times, however the particles reduced the shape recovery 
from 97% to 70%, significantly hurting the shape memory behavior.  Other fillers such as 
glass fibers, Kevlar fibers, SiC particles and CNTs have also been used with limited 
success in improving thermal conductivity [111-113].  However, CNTs have proven 
successful in improving the mechanical properties of the pristine polymer, as well as 
creating alternating stimulus mechanisms [111, 113].  To reduce the thermal expansion of 
SMPs, a study was conducted characterizing polyurethane composites with organoclay, 
carbon nanofibers (CNF), SiC, or carbon black [114].  In general, high aspect ratio fillers, 
such as the organoclay and CNF were more successful reducing the SMP thermal 
expansion.  However, there is an additional challenge with SMP nano-composites in 
maintaining the shape memory behavior [115].  Enhanced filler particle/polymer 
interactions may disturb the polymer crystallization or vitrification behavior, and 
subsequently decrease the shape memory performance [115].  Although CNFs enhanced 
the thermal expansion behavior, they also greatly lowered the crystallinity of the PU, 
limiting the composites shape memory performance [115]. 
2.4.3 Advances in Shape Memory Polymeric Materials 
Shape memory polymers were originally founded by thermally induced stimuli, 
however there are many stimuli mechanisms that are effective by either indirect thermal 
actuation, or direct actuation by manipulation of stimuli sensitive functional groups on 
the molecular level [13].  These stimuli include irradiation, electric fields, alternating 
magnetic fields, immersion in water, pH changes etc [13].  In general, shape memory 
polymers are usually categorized by their molecular architecture and stimuli mechanism.  
One of the most widely studied SMP systems is poly(ester urethane) due to their wide 
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range of mechanical properties, as well as biocompatibility and biodegradability [116, 
117].  This SMP system has physically cross-linked netpoints, where the urethane group 
acts as the hard segment, and the ester group, poly(ε-caprolactone) (PCL), is the 
switching segment.  The shape memory behavior is thermally inducted by a PCL crystal 
melting transition around 45-55 °C [116].  In another approach, a co-polyester was 
created with PCL and poly(butylene terephthalate), also making a physically cross-linked 
SMP.  However, this polymer had a thermally induced shape memory behavior base on 
its glass transition (Tg) [118].  Another common approach to creating PCL Tg induced 
SMPs is radiation cross-linking [16].  For example, radiation cross-linking PCL with 
polymethylvinylsiloxane created a Tg thermally induced shape memory effect around 56 
°C [119].  Clearly, there are many ways to manipulate the molecular architecture of one 
polymer system, such as PCL, and therefore tune its thermal shape memory behavior.  
However, another unique approach is introducing other stimuli mechanisms. 
During indirect thermal actuation a shape memory polymeric material is heated 
above its transition temperature using another stimulus mechanism, such as: irradiation, 
electric field, alternating magnetic fields etc [13].  For example, this can be achieved by 
creating a conductive SMP composite by adding conductive fillers.  Applying an electric 
current to the composite locally increases the sample temperature from the composites 
high ohmic resistance, which in turn triggers the shape memory effect [120].  Electric 
stimulus SMP composites have been successful using carbon black, CNFs and CNTs 
[113, 120-123].  For example, a polyurethane/MWCNT composite of 2.5 wt.% coated 
with polypyrole (PPy) exhibited the shape memory effect in 20 seconds at 40 volts [113].  
This composite also had a 22% increase in tensile strength (7.6 to 9.3 MPa) and 816% 
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increase in modulus (12 to 110 MPa) [113].  However, the electro-active behavior was 
not present without coating with PPy and increasing the conductivity.  MWCNT also 
showed to improve the shape memory behavior in polyurethane, by increasing the shape 
recovery force by 125% at 3 wt.% CNT [111].   
 In addition to electric field stimuli, CNTs and carbon black have also shown to 
enable the shape memory effect under infrared (IR) irradiation.  In a CNT/poly(ester 
urethane) composite, the composite showed enhanced fixity, strain and maintained 100% 
recovery under an IR induced transition [124].  CNTs showed better shape memory 
properties, than carbon black, due to the anisotropy of the CNTs and their synergy with 
the crystallization of the polymer soft segment.  Similar to the indirect thermal actuation 
mechanisms, the CNTs and carbon black create a localized heating effect, which induces 
the shape memory behavior, due to IR absorption and heating in the composite [124].  
Indirect heating actuation has also been used with light absorbing fluorescent dyes in a 
polyurethane SMP [125].  In this case, a laser was used to induce the shape memory 
effect and a biomedical application was presented.   
As mentioned earlier, the shape memory effect can also be initiated by direct 
manipulation of stimuli sensitive functional groups.  A great example of this is photo-
responsive networks, which can covalently bond and de-bond at specific wavelengths 
under irradiation.  For example, molecular switches using cinnamic acid and 
cinnamylidene acetic acid are able to undergo efficient photo-reversible 2+2 Diels-Alder 
cyclo-addition reactions [126].  Irradiating with light of wavelength shorter than 260 nm 
will reversibly cleave the bonds, and open the molecular switches creating polymer chain 
mobility.  On the other hand, irradiating with light of a wavelength longer than 260 nm 
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will fix the bonds via the Diels-Alder reaction, and immobilize the polymer chains.  Thus 
the shape memory cycle can be achieved by irradiation of the SMP with two different 
light wavelengths. 
 Another unique stimulus mechanism has been achieved using alternating 
magnetic fields via an indirect thermal actuation mechanism.  By adding magnetic 
nanoparticles to a SMP matrix, inductive localized heating under an alternating magnetic 
field will instigate the shape memory effect.  This stimulus mechanism has been 
successful using iron oxide (Fe2O3) silica coated particles, magnetite iron oxide (Fe3O4) 
and Ni-Zn ferrite particles [112, 127-129].  
Thermo-moisture responsive SMP are another stimuli mechanism, which has 
many advantages particularly in the biomedical field.  For example, inserting a SMPU 
into water has shown to lower the transition temperature from 55 to 25 °C, triggering the 
shape memory effect by simply placing it in the body [130].  It is believed that absorption 
of water by the SMP has a plasticizer-like effect, lowering the Tg of the material, which 
allows the shape memory effect to occur without needing to heat the material above its 
original Tg. 
 As described earlier, the shape memory effect in SMPs is typically induced by 
thermal transitions such as crystallization and vitrification [13, 18].  Thus, compared to 
shape memory metallic materials, SMPs have a huge advantage because their transition 
temperatures can be easily controlled and tuned for various applications.  For example, 
crystal-melting behavior can be controlled using the Hoffman-Weeks equation [91], as 
discussed earlier, and is also strongly influenced by diluents, copolymerization and 
molecular weight [131].  On the other hand, there are also multiple ways to tune a 
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polymer glass transition temperature, such as: adjusting the cross-linking density, 
modifying the polymer backbone stiffness, or altering the secondary bond interactions 
[132].  For example, similar to the thermo-moisture effect, adding a plasticizing miscible 
polymer to a SMP network will alter the hydrogen bonding, and change the Tg, thus 
changing the shape memory transition temperature.  In one case, a poly(ethylene oxide) 
miscible polymer molecules were added to a SMP network of ethylene glycol 
dimethacrylate, resulting in a unique tunable system with potential biomedical 
applications [133].  Shape memory epoxy (SME) is another system that has a highly 
tunable glass transition.  Simply controlling the crosslinking density by using a mixture 
of diamine and monoamine hardeners will create a tunable Tg system [19].  The same 
system can also contain a mixture of rigid bisphenol-A diglycidyl monomer and flexible 
diglycidyl monomer, which enables another mechanism for controlling Tg and the shape 
memory transition temperature [19].  Figure 2.16 is an example of Dynamic Mechanical 
Analysis (DMA), showing the controlled Tg of a SME.  In general, SME is a good 
candidate for coatings and structural shape memory applications because of its 
intrinsically high mechanical properties, chemical resistance, and thermal stability [134]. 
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a b  
Figure 2.16. DMA results showing a.) a SPE system with a controlled Tg by varying the diamine content 
and cross-linking density  b.) a SPE system with a controlled Tg by varying the bisphenol A epoxy 
monomer and polymer backbone rigidity [19]. 
 
2.5 Problem Statement and Objective 
 Clearly, SMPs are an exciting field that is flourishing with a high level of 
innovation.  However, this field has yet to mature and many advances are predicted in 
SMP nano-composites.  By incorporating conductive nano-fillers into a SMP matrix, the 
mechanical, electrical and thermal properties can be tailored for many shape memory 
applications.  NHSKs were investigated as a filler material due to CNTs intrinsic 
mechanical and electrical properties.  NHSKs offer a controllable functionalization 
technique, which promotes better CNT dispersion and exfoliation.  NHSKs tunable 
periodic three-dimensional morphology also supports unique interfacial interactions with 
the composite matrix, offering better mechanical reinforcement via a nano-anchoring 
effect.  Furthermore, the high conductivity of CNTs introduces the potential for 
conductive composites with alternative shape memory stimulus mechanisms. 
Poly(ethylene-co-acrylic acid) PEcoPAA was chosen due to past successes 
developing polyethylene (PE) NHSKs.  By incorporating PAA, the polymer single crystal 
lamellae now contain hydrophilic functional groups, improving the NHSK wettability 
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and offering possibilities to cross-link the single crystals with the matrix material.  Shape 
memory epoxy (SME) was researched as the matrix material due to its recent successes 
and many advantages.  The shape memory transition, or glass transition, of SME is easily 
tunable making this system suitable for a broad range of applications.  Additionally, SME 
has innately high mechanical properties, chemical resistance, and thermal stability 
compared to other SMP materials.  By incorporating NHSKs into a SME matrix we aim 
to improve the mechanical and electrical properties of the unmodified epoxy, while also 
introducing alternative shape memory stimulus mechanisms.  These composite materials 
are expected to have many exciting cutting-edge applications, which will be further 
discussed. 
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CHAPTER 3 
 
MATERIALS AND METHODS 
3.1 Materials 
For nano-hybrid shish kebab synthesis high density polyethylene (PE) and 
poly(ethylene-co-acrylic acid) (PEcoPAA) random co-polymer with acrylic acid content 
of 5 wt.%, or 50:1 monomer ratio, was purchased from Sigma Aldrich and used without 
further purification.  1,2-dichlorobenzene (DCB) and 2-propanol (IPA) solvents were also 
purchased from Sigma Aldrich and used without further purification.  Multi-walled 
carbon nanotubes (MWCNT) with outer diameters of 6-9 nanometers and 5 micrometers 
in length were purchased from Sigma Aldrich and used without further purification.  
These nanotubes were synthesized using SouthWest Nano Technologies Inc. CoMoCAT 
catalytic chemical vapor deposition (CVD) method.  Purified single-walled carbon 
nanotubes (SWCNT) with outer diameters of 0.8 to 1.2 nanometers and length of 1 
micrometer were purchased from Unidym, and used without further purification. 
For composite synthesis an epoxy monomer of poly(bisphenol A-co-
epichlorohydrin)  glycidyl end-capped (DGEBA), with a number average molecular 
weight of 355 was purchased from Sigma Aldrich and used without purification.  Another 
epoxy monomer, neopentyl glycol diglycidyl ether (NGDE), was also purchased from 
Sigma Aldrich and used without purification.  Jeffamine D230, or 
polyoxypropylenediamine, a polyetherdiamine with a number average molecular weight 
of 230, was used in all samples as the epoxy hardener.  Jeffamine D230 was supplied by 
the Huntsman Corporation and used without purification. All chemical structures are 
shown in Table 3.1. 
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Table 3.1 Chemical Structures of Materials Used 
Material Chemical Structure 
Polyethylene 
 
Poly(ethylene-co-acrylic acid) 
 
1,2-Dichlorobenzene 
 
2-Propanol 
 
Poly (Bisphenol A-co-
epichlorohydrin),  
glycidyl end-capped  
Neopentyl glycol  
diglycidyl ether  
Jeffamine D230 
 
Carbon Nanotube 
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3.2 Characterization Techniques 
 NHSKs were characterized using the following techniques: transmission electron 
microscopy, scanning electron microscopy, differential scanning calorimetry, tensile 
testing, linear sweep voltammetry, x-ray diffraction, Fourier transform infrared 
spectroscopy, x-ray photoelectron spectroscopy, and contact angle measurements.  NHSK 
composites were characterized using scanning electron microscopy, differential scanning 
calorimetry, dynamic mechanical analysis, tensile testing, linear sweep voltammetry, and 
x-ray photoelectron spectroscopy.  All of these techniques are discussed in detail below. 
3.2.1 Transmission Electron Microscopy 
 Transmission electron microscopy (TEM) is a microscopy method able to 
generate material microstructure images with magnification and resolution much higher 
than light microscopy [135, 136].  TEM’s high resolution is a result of using an electron 
illumination source, with wavelengths about 10,000 times shorter than light.  Typically 
resolutions up to 0.1 nm can be achieved in a TEM.  As a result of its high resolution, 
TEM is extremely useful for imaging ultrafine details of a materials structure and 
morphology.   
The components and optical pathway of a TEM are very similar to a transmission 
light microscope.  Both contain an optical path of: light source, condenser lens, sample 
stage, objective lens and projector lens.  The main differences are that TEM uses an 
electron beam source, instead of visible light. TEM also uses electromagnetic lenses, in 
contrast to glass lenses in light microscopy and TEM contains additional lenses and 
apertures.  Additionally, TEM requires a vacuum environment to reduce collisions 
between gas particles and high-energy electrons, which will absorb the electron energy 
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and disrupt the image.  After the electron beam strikes the sample, the elastically 
scattered electrons are used to produce an image.  In general, heavier elements or higher 
density will give better image contrast. 
In order for the incident electrons to transmit through the sample, bulk samples 
must be made into thin films of approximately 100 nm thick, so they are electron 
transparent.  Thus, sample preparation may require grinding, polishing, etching and ion 
milling to achieve this thickness.  On the other hand, small particles such as CNTs can be 
imaged in TEM with very little sample preparation.  However, the 3-mm mesh copper 
grit sample holders must be coated with amorphous carbon so that the small particles do 
not fall into the TEM vacuum column.   
All NHSK samples in dilute solution were pipetted onto a carbon coated TEM 
sample holder.  The samples were then left in vacuum for 24 to 48 hours to remove all 
solvents.  The NHSK decorated mesh copper grit was then placed onto a specimen 
holder, and inserted into the TEM column to study the NHSK structure and morphology.  
All TEM experiments were conducted using the JEOL JEM2100 in the centralized 
research facilities at Drexel University. 
3.2.2 Scanning Electron Microscopy 
Similar to TEM, scanning electron microscopy (SEM) uses an electron 
illumination source to achieve high magnification and resolution [137, 138].  However, in 
SEM an image is formed by an electron beam scanning over a samples surface, and is not 
formed from an instantaneous illumination.  Scanning enables SEM to achieve a very 
large depth of field and images with a three-dimensional appearance.  Like TEM, an 
SEM consists of an electron gun and several electromagnetic lenses and apertures.  
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However, the electron beam in SEM is condensed to a fine probe for surface scanning.  
Additionally, the accelerating voltage and electron energy are about an order of 
magnitude lower than that for TEM.  Higher electron energies are not required because 
transmitted electrons are not used to form the image.  Imaging in an SEM uses elastically 
scattered backscattered electrons (BSE) or inelastically scattered secondary electrons 
(SE), both of which are emitted from the samples surface.  Imaging contrast mechanisms 
vary depending on the electrons used for image detection.  Typically, imaging contrast in 
BSE stems from compositional differences in the sample.  Heavier elements generally 
produce more BSEs and will appear brighter.  On the other hand, SEs are generated 
closer to the samples surface and thus contrast appears from topographic variation.  The 
number of SEs that reach the detector are strongly dependent on surface topography 
changes such as: surface orientation, peaks, and valleys etc. 
Since SEM images do not use transmitted electrons, there is no limitation on 
sample thickness.  However, sample preparation is required for specimens with poor 
electrical conductivity.  Electron surface charging is common on electrically insulative 
samples, which will distort the SEM image.  Additionally, similar to TEM, a vacuum 
environment is also required, thus all solvents should be evaporated beforehand. 
SEM was used to analyze the NHSK structure and morphology after synthesis.  
NHSK samples were either pipetted from solution onto a cover glass piece, or analyzed 
as a NHSK film.  Both sample types were left in vacuum for at least 48 hours to 
evaporate all solvents.  Additionally, SEM was used to analyze composite cross-sections.  
Composite samples were ‘frozen’ in liquid nitrogen, and then fractured to analyze epoxy 
infiltration in film composites, and NHSK dispersion in bulk composites.  Lastly, tensile 
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fracture surfaces were analyzed in the SEM to examine CNT/epoxy adhesion and failure 
mechanisms.  All samples were placed onto a SEM sample holder, with double-sided 
carbon tape.  To prevent sample charging, all samples were sputter coated with platinum-
palladium in argon ionized plasma gas for 20 seconds.  All SEM experiments were 
conducted using the Zeiss Supra 50VP in the centralized research facilities at Drexel 
University. 
3.2.3 Differential Scanning Calorimetry 
Differential scanning calorimetry (DSC) is a thermal analysis technique in which 
heat flow is measured and used to study phase transitions in a material [139].  More 
specifically, a DSC is used to measure the heat flow difference between a sample and 
reference during heating and cooling.  Typically, this is conducted using a power-
compensated technique, where the sample and reference are in separate chambers.  Each 
chamber has its own heating element to control temperature.  Throughout heating, the 
sample and reference are kept at the same temperature, however during a thermal event, 
the power to the heating element will change in order to maintain identical temperatures.  
An endothermic event will increase the power to heat the sample, where as an exothermic 
event causes a reduction in power to cool the sample.  For example, melting transitions 
are an endothermic process and crystallization is an exothermic process, and both are 
easily measured in a DSC scan.  On the other hand, glass transitions are second order-
like, and result in a heat capacity change in the sample.  This phenomenon is easily 
measured in DSC as a change in the slope or baseline of the heating or cooling curve.  An 
example on a typical DSC heating curve is shown in Figure 3.1. 
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Figure 3.1. Example of a typical DSC heating scan, showing a glass transition and crystal melting peak 
[131]. 
 
 All DSC experiments were conduced using a Perkin Elmer DSC 7 located in Dr. 
Christopher Li’s laboratory at Drexel University.  Approximately 5 mg of sample were 
used for each experiment.  All scans were conducted in a glove box under nitrogen gas, 
using an empty aluminum pan and lid as a reference and all samples were completely 
enclosed in another aluminum pan and lid.  The experiments began by holding the 
temperature at 0oC for 5 minutes, following by heating from up to 150oC at 10oC per 
minute.  The samples were then held at 150oC for 5 minutes, before being cooled back to 
0oC at 10oC per minute.  Then again the samples were held at 0oC for 5 minutes, followed 
by re-heating the samples a second time from 0oC to 150oC.  Using the DSC data the 
melting and crystallization behavior of the PEcoPAA was analyzed, as well as the glass 
transition behavior of the epoxy. 
3.2.4 Dynamic Mechanical Analysis 
Dynamic mechanical analysis (DMA) is a important technique for studying the 
viscoelastic behavior of polymeric materials [132].  In general, all materials behave 
elastically at small strains, however polymers also exhibit a viscous behavior, which is 
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strongly dependent on time and temperature.  Viscoelastic behavior is examined by 
applying a sinusoidal strain and measuring the resulting stress, where the viscous 
component of the polymer causes a phase lag in the mechanical response.  All stress that 
is in phase with the applied strain is from the stored energy or elastic component of the 
material, which is dependent on the storage modulus.  On the other hand, all stress that is 
out of phase is from energy dissipated, and is related to the viscous component of the 
material, which is dependent on the loss modulus.  Together, the storage modulus and 
loss modulus form the complex modulus, which is directly measured by the DMA during 
an experiment.  By varying the temperature or frequency during a DMA can, thermal 
transitions, such as glassy-rubbery (Tg) or melting (Tm) transitions can be measured 
because of large changes in storage and loss moduli during the transitions.  DMA is 
typically explained using the following equations. 
The applied stress varies with time, frequency of the sinusoidal manner, and the 
viscoelastic phase lag as seen below: 
                           ! = !! sin(!" +   !)                      (3.1) 
Where ! is the measured stress, !! is the applied stress, w is the sinusoidal frequency, t is 
the time, and ! is the phase lag. 
 The phase lag is derived from the loss tangent of the energy stored (storage 
modulus) and the energy lost (loss modulus), as seen below: 
!"!! = tan !                (3.2) 
Where E” is the loss modulus and E’ is the storage modulus of the material. 
 Using simple trigonometric substitutions, the measured stress can be split into two 
components, in-phase and out-of-phase, or elastic and viscous, as seen below. 
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!! = !! cos !              (3.3) !" = !! sin !              (3.4) 
And thus the storage modulus and loss modulus can be written as: !! = !!!! = !∗ cos !                  (3.5) !" = !"!! =   !∗ sin !                  (3.6) 
Where !! is the applied strain, and the complex modulus E*, is defined as:   !∗ = !!!! = ( !! ! + (!")!)!/!               (3.7) 
Which can also be written in complex notation as: !∗ = !! +   !""                    (3.8) 
Thus, by measuring the applied stress, strain and corresponding phase lag response, a 
DMA scan can easily measure the storage modulus and loss tangent of a viscoelastic 
material, using the equations listed above.  An example of a DMA plot is seen in Figure 
3.2 below. 
 
Figure 3.2. Schematic of a typical DMA plot showing a general decrease in storage modulus with 
temperature, and a very dramatic drop in storage modulus during a phase transition.  Corresponding to this 
transition is a large increase in the loss modulus and loss tangent [132]. 
52 
 
 Not surprisingly the storage modulus is very closely related to the Young’s 
modulus of a material, since both moduli measure the elastic mechanical properties.  The 
advantage of using DMA is that the change in storage modulus can be studied with 
temperature or frequency, and then be used to measure a thermal transition, as well the 
bulk mechanical properties of the material.  DMA was used to measure the Tg, or shape 
memory transition temperature, of the bulk NHSK SME composites.  It was also used to 
analyze the viscoelastic contribution from PEcoPAA single crystals in NHSK SME 
composite   All samples were 3 mm wide by 7 mm long strips, and sanded and polished 
to 0.6-0.9 mm thick.  A Perkin Elmer DMA 7 located in Dr. Christopher Li’s laboratory 
at Drexel University was used for all experiments.  The temperature was scanned from 0 
to 150oC, at 10oC per minute.  The cross-head was set at 1 Hz frequency with a 108% 
static force tension control, and 0.20% dynamic force strain control. 
3.2.5 Tensile Testing 
 Tensile testing is one of the simplest and most common techniques for measuring 
the mechanical properties of a material [140].  In general, a sample with a defined cross-
section and gauge length is gripped at both ends.  One of the grips is then able to move 
and pull the sample in tension, at a desired strain rate, until the sample fractures.  A 
transducer is also directly connected to one of the grips, which is able to measure the 
instantaneous force applied to the sample.  This force is easily converted to a stress, using 
the equation below. 
                             ! = !!                              (3.9) 
Where F is the instantaneous force applied on the sample, and A is the cross-sectional 
area. 
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Strain can also be calculated during the experiment, using the following equation. 
                             ! = !!!!                           (3.10) 
Where !! is the original gauge length of the sample, and Δ! is the change in length from 
pulling the sample in tension.  By plotting stress vs. strain, several mechanical properties 
of the sample can be calculated, such as: Young’s modulus, yield strength, ultimate 
tensile strength and failure stress etc.  
Mechanical properties of NHSK films, and film composites were measured using 
a KES G1 Tensile Tester in Dr. Christopher Li’s laboratory at Drexel University.  All 
samples were cut into strips of approximately 10 mm long and 2.5 wide. Loctite five-
minute epoxy was applied to both ends of the strips to help grip the samples. All NHSK 
films were approximately 10 microns thick, where as NHSK composite films were 
approximately 30 microns thick from excess epoxy.  
The mechanical properties of bulk NHSK epoxy composites were measured using 
a 25kN load cell with the Instron in Dr. Giuseppe Palmese’s laboratory at Drexel 
University.  All samples were conducted on dogbones of 3 mm and 10 mm long gauge 
length.  The thickness of the samples varied from 0.75 to 1.25 mm, depending on 
specimen sanding and polishing.  At least 3 samples were pulled in all experiments to 
create a mean and standard deviation.  The modulus of the unmodified epoxy was 
carefully measured using a strain gauge extensometer following ASTM D638 type IV 
specimen modified to a 12.5 mm gauge length to fit the strain gauge.  Thus a correlation 
factored could be generated for the actual gauge length strain and the Instron crosshead 
extension.  All bulk specimens were pulled at 1 mm/minute and film composites were 
pulled at 0.1 mm/minute. 
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3.2.6 Linear Sweep Voltammetry 
Linear sweep voltammetry (LSV) is a simple technique that can be used to 
measure the resistivity or conductivity of a material. In short, a linear potential is scanned 
and the current through the material is measured.  As a result, a linear IV curve is created, 
whose slope is the samples resistance.  Using the geometry of the sample, the 
conductivity can be calculated from the equation below. 
                            ! = !!  !                       (3.11) 
Where ! is the conductivity, l is the distance between electrodes and A is the cross-
sectional area of the sample. 
 In-plane conductivity was measured using a four-line probe test setup.  A linear 
sweep, linear polarization experiment was performed using a Parstat 2273 Advanced 
Electrochemical System located in Dr. Christopher Li’s laboratory at Drexel University.  
All samples were tested using a potential sweep of -50 to 50 mV, at a scan rate of 0.5 
mV/sec.  At least three specimens were measured for each sample to create a mean and 
standard deviation. 
3.2.7 X-Ray Diffraction 
X-ray diffraction (XRD) is a very useful technique for determining the crystalline 
structure of materials [141, 142].  During XRD, a collimated beam of x-rays bombards a 
sample, which causes them to scatter.  The x-rays will then constructively and 
destructively interfere according to the Bragg’s law equation: 2! sin! = !"               (3.12) 
Where d is the atomic plane spacing, ! is the x-ray wavelength, ! is the degree to which 
the x-rays are scattered by the sample, and n is an integer.   
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When the Bragg condition is satisfied, constructive interference will occur, and a 
distinct peak will appear in x-ray intensity.  An x-ray intensity graph is typically used, 
which plots the peak location as a function of 2!.  Bragg’s law can be used to determine 
the d-spacing from the 2! value, and subsequently determine the crystal structure of the 
material.  Additionally, height of the peak is proportional to the number of planes 
displaying that d-spacing, thus crystallinity information can also be calculated. 
The two main x-ray scattering techniques are: small-angle x-ray scattering 
(SAXS) and wide-angle x-ray diffraction (WAXD).  SAXS typically analyzes values of ! 
less than 1o and close to 0o, while WAXD measures larger values of !, typically greater 
than 5o.  Consequently, the two techniques are used to measure different aspects of 
materials structure.  Very small ! values will lead to large d-spacings (10-100 nm), which 
will provide information about large periodicities, such as the size of crystalline and 
amorphous polymer segments, particle size, or defects etc.  On the other hand, larger ! 
will lead to very small d-spacings (sub-nanometer), which provides information about 
small periodicities, such as the crystal structure of the material. 
WAXD was conducted on NHSK samples to determine the crystalline structure of 
the polymer single crystal lamellae.  Additionally, curved fitting was completed using 
Magic Plot to determine the amorphous polymer content, and thus the crystallinity of the 
samples.  All WAXD were completed using the Rigaku S-MAX 3000 located in the 
centralized research facilities at Drexel University.  10-micron thick NHSK films were 
stacked into 5 layers to increase the signal intensity. 
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3.2.8 Fourier Transform Infrared Spectroscopy 
Fourier Transform Infrared Spectroscopy (FTIR) is one of the most widely used 
vibrational spectroscopic techniques [143].  The energy of electromagnetic waves of the 
infrared region are on the order of vibrational modes of molecules.  When a molecule is 
irradiated by infrared light, one particular frequency may match the vibrational frequency 
of that molecule, and thus it will be absorbed.  FTIR can be used to examine gases, 
liquids, and solids as well as organic and inorganic materials.  An FTIR spectrum is 
typically a plot of peak intensity vs. wavenumber, where wavenumber is defined as the 
reciprocal of wavelength, in the units of cm-1. 
There are many types of vibrational modes in molecules, such as: stretching 
vibration, in-plane bending vibration, out-of-plane bending vibration and torsion 
vibration.  In addition to the many types of vibrational modes, the molecular stretching or 
bending can also be symmetric or asymmetric.  In order for a material to be infrared 
active during FTIR, the vibrational mode must cause a dipole moment.  Thus symmetric 
molecules such as H2 and CO2 are not infrared active because their symmetry does not 
induce a dipole moment. 
There are two types of FTIR examination techniques, transmission and reflection.  
During transmission, an IR beam is passed through the sample to generate the IR 
spectrum.  Transmittance is the most commonly used technique because it creates the 
highest signal-to-noise ratio and it is suitable for solid, liquid or gas phases.  However, 
there is a sample thickness limitation using transmission.  If a sample is too thick, it will 
absorb all of the IR radiation, so there won’t be any transmitted infrared waves to detect.  
Typically, a sample must be larger than 1 micron and smaller than 20 microns.  On the 
other hand, solid samples can also be ground into a powder and mixed with an inert IR 
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material, such as KBr.  Liquids and gases can also be prepared using a KBr pellet.  
Reflectance, on the other hand, can only be used for solid and liquid materials.  During 
reflectance an IR spectrum is obtained by reflecting IR radiation off of a sample.  
Reflectance is very attractive for samples that cannot be ground into powder and for fast 
sample examination.  Additionally, the IR radiation penetration into the sample is about 1 
to 2 microns. 
 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy 
(ATR FTIR) was used to investigate the NSHK functionalization.  In ATR, a beam of IR 
light is passed through a crystal so that it reflects once off of the internal surface, which is 
in contact with the sample.  This reflection forms an evanescent wave, which penetrates 
about a micron into the sample.  The evanescent effect only works if the crystal is made 
of an optical material with a higher index of refraction than the sample, otherwise light 
will be lost.  For solid samples it is important that they are firmly clamped against the 
ATR crystal, so that trapped air does not distort the spectrum. 
FTIR-ATR was used to study the CNT functionalization during NHSK synthesis.  
NHSK films were clamped onto an ATR crystal of an FTIR-ATIR spectrometer (Nicolet 
6700 series, Thermo Electron Corporation) located in Dr. Yossef Elabd’s laboratory at 
Drexel University.  A single reflection diamond ATR crystal from Golden Gate ATR 
accessories was used for all experiments.  All spectra were collected using a liquid 
nitrogen cooled mercury-cadmium-telluride detector at 30 scans per spectrum and a 
resolution of 4 cm-1.  All spectrum were then baseline corrected and normalized by ATR 
diamond crystal peaks. 
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3.2.9 X-Ray Photoelectron Spectroscopy 
 X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 
chemical analysis (ESCA), is a very powerful technique for examining the surface 
chemistry of materials [144, 145].  During XPS a monochromatic x-ray beam (usually 
aluminum k-alpha) irradiates a sample, and subsequently generates characteristic 
photoelectrons.  The binding energy of the photoelectrons can then be calculated using 
the Rutherford equation below. 
                          !!"#$"#% = !!!!"!# − !!"#$%"& − ∅                       (3.13) 
Where the energy of the photon is known from the x-ray source, the kinetic energy of the 
electron is measured by the detector, and ∅ is the work function of the detector. 
 The photoelectrons emitted are relatively low binding energy (0-1000 eV), and 
thus they are only released from the top 1-10 nm.  Photoelectrons released from deeper 
within the sample are scattered, and some may contribute to the baseline noise in the 
signal.  An electric-field hemispherical analyzer then separates electrons with different 
kinetic energies, on their way towards the detector.  Since the electrons are relatively low 
energy and the detector is about a meter away from the sample an ultra high vacuum 
(UHV), 10-7 Pa range, is required to reduce scattering collisions. 
 During an XPS scan, results are plotted as counts/sec vs. binding energy.  The 
binding energy peaks correspond to the core shell photoelectrons of the sample.  One of 
the unique advantages to XPS is that the peaks will shift according to the chemical state 
of the material.  Thus not only can elemental composition be determined, but also the 
chemical and electronic state of the element.  For example, hydrocarbon binding energies 
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are typically located around 285 eV, however CHF, CF2 and CF3 peaks are located at 
289, 292 and 293 eV, respectively.  
 Another unique attribute to XPS is the ability to do elemental mapping and depth 
profiling.  For example, if the surface chemistry of a material has variation, the chemistry 
differences can be mapped by scanning the sample surface.  Depth profiling can also be 
accomplished by sputtering ions, to remove material from the sample.  Typically argon 
ions are used for inorganic and metallic samples, and C60 buckyball ions are used for 
sputtering organic samples.  By sputtering layers of material away, followed by 
subsequent XPS measurements, a depth profiling chemical analysis can be conducted.   
 XPS analysis was conducted on NHSK films and NHSK film composites to 
analyze the surface chemistry, and chemistry within the films using depth profiling and 
C60 sputtering.  All experiments were conducted using the Physical Electronics 
VersaProbe 5000 located in the centralized research facilities at Drexel University. 
3.2.10 Contact Angle 
 Contact angle measurements are a simple and quick method to quantify the 
wettability of a solid surface by a liquid.  In any given system, there will be an 
equilibrium contact angle between the solid, liquid and vapor at a specific temperature 
and pressure.  This contact angle is commonly described using Young’s equation below. 
                                 !!" = !!" + !!" cos!!                            (3.14) 
Where is ! the interfacial surface energy between the solid(S), liquid(L) and vapor(V) 
interfaces, and !! is the equilibrium contact angle. 
 The equilibrium contact angle is strongly dependent on the chemistry and 
roughness of the solid surface.  For rough surfaces, the equilibrium contact angle can be 
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analyzed using Wenzel or Cassie-Baxter models. For general purposes, a contact angle 
less than 90o means the surface is hydrophilic, greater than 90o is hydrophobic, and 
greater than 150o is considered superhydrophobic.  Due to the unique surface roughness 
and chemistry of PEcoPAA NHSK films, the wettability was studied using contact angle 
measurements.  A static sessile drop method was used to study the equilibrium contact 
angle of a 5-µl de-ionized water droplet.  The water droplet was captured using a high-
resolution camera, and the contact angle was measured using ImageJ software. 
3.3 NHSK Synthesis 
 Nano-hybrid shish kebabs (NHSKs) were synthesized using a dilute solution 
technique, which has been previously discussed in literature [10, 74].  First, a dilute 
solution of CNTs (0.01-0.1 wt.%) in DCB and 2 wt.% isopropanol is exfoliated and 
dispersed in a sonication bath at 40oC for approximately 2 hours.  Other solvents can be 
used, however DCB is arguably the best solvent for dispersing CNTs [35].  Additionally, 
DCB is one of the few solvents that can dissolve polyethylene at high temperature, which 
is necessary for NHSK formation.  The small amount of isopropanol is also added to the 
CNT/DCB solution to prevent sonopolymerization of DCB during sonication.  After 
sonication, the CNTs are centrifuged at 10,000 rpm for 20 minutes.  The supernatant is 
then collected, thus removing most of the remaining CNT bundles.  While sonication and 
centrifugation is ongoing, a polymer solution is prepared in parallel.  PE or 
poly(ethylene-co-acrylic acid) (PEcoPAA) is weighed out for a specific polymer-to-CNT 
weight ratio (R).  The polymer is then mixed with DCB to create a dilute polymer 
solution (<1 wt.% polymer).  The solution is then heated above 120oC in an oil bath, with 
a stir bar, to insure all the polymer is dissolved.  The CNT supernatant from 
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centrifugation is then placed in the same oil bath, to heat the CNT solution to the same 
temperature (about 6 minutes).  Once the two solutions are at the same temperature, the 
CNT solution is added and mixed with the polymer solution.  The combined 
CNT/polymer solution is then moved to another oil bath at lower temperature to induced 
heterogeneous polymer nucleation and crystal growth, creating the NHSK structure and 
functionalization.  It is important to work as fast as possible during all steps after 
removing the CNT solution from the sonication bath, because the CNTs are unstable and 
will eventually re-aggregate in DCB before NHSK functionalization.  Figure 3.3 below 
shows a schematic of NHSK synthesis. 
 
Figure 3.3. Schematic of NHSK synthesis.  A dilute CNT and polymer solution is mixed together and 
subsequently cooled, initiating heterogeneous nucleation and growth of polymer single crystal lamellae 
[74]. 
 
For PE, 89oC is required for proper heterogeneous crystallization behavior and 
NHSK synthesis.  On the other hand, the crystallization behavior of PEcoPAA is poorly 
defined because it is a random co-polymer.  Thus crystallization will occur from a range 
of temperatures from 70-90oC.  To maintain consistency, all PEcoPAA NHSKs were 
crystallized at 80oC.   
62 
 
Lastly, the remaining un-crystallized polymer is removed from the solution via 
isothermal filtration.  After crystallization the NHSK solution is maintained at the 
crystallization temperature and moved to a filtration column with a porous silica frit.  The 
solution is bubbled to prevent NHSK deposition onto the frit, and the DCB/polymer 
solution is vacuum filtered through the frit.  At least 4 rinses are completed using DCB at 
the same NHSK crystallization temperature, and then the NHSK solution is brought back 
to its original volume and concentration.  A schematic of the NHSK synthesis process is 
seen in Figure 3.4 below. 
 
 
Figure 3.4.  Schematic of the NHSK synthesis process 
 
 Unfortunately, the synthesis technique explained above is not ideal for many 
composite applications.  NHSKs are created in very dilute solutions, and thus a lot of 
solvent must be removed to form a solid composite.  Higher concentration CNT/DCB 
solutions can be prepared and sonicated; however most of the additional CNTs will be 
removed from solution during centrifugation.  Thus, for economically reasons it is 
desired to skip centrifugation to increase the CNT concentration for NHSK composite 
filler synthesis.  Although the CNT quality is decreased, by not removing all of the 
bundles, this is the only way to increase the CNT concentration.  Additionally, there is 
also better control on the CNT content.  It is difficult to quantify the CNT concentration 
after centrifugation and collecting the supernatant.  By skipping centrifugation, the exact 
CNT concentration is always known. 
Sonica*on	   Centrifuga*on	  
High	  
Temperature	  
Mixing	  
Crystalliza*on	   Isothermal	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 For NHSK composite synthesis it is also greatly desired to skip isothermal 
filtration, especially for PEcoPAA shish kebabs.  Isothermal filtration takes several hours 
and would not be economical in a commercial setting.  Furthermore, for PEcoPAA shish 
kebabs, the un-crystallized polymer content is much higher than PE, thus there is a higher 
concentration of free polymer that must be filtered out.  This makes the isothermal 
filtration process even slower from free polymer clogging the frit during filtration. By 
skipping isothermal filtration, the NHSKs will also contain polymer that did not 
heterogeneously crystallize on the CNTs, thus hurting the NHSK purity and morphology.  
However, similar to skipping centrifugation, the polymer concentration is always known 
without needing to do thermal analysis experiments, such as thermal gravitational 
analysis (TGA).  By skipping both centrifugation and isothermal filtration, the quality of 
the NHSKs is decreased, however the CNT and polymer content of the NHSK solution is 
well known, and higher concentrations can be achieved making NHSKs more economical 
for composite filler applications. 
3.4 NHSK Bulk Composite Synthesis 
 Bulk MWCNT NHSK epoxy composites were synthesized using a solvent 
evaporation and in situ epoxy polymerization technique.  After synthesis, NHSKs are 
dispersed in DCB, which has a very high boiling point (180oC), and is very difficult to 
remove during a solvent evaporation process.  Thus a solvent exchange is performed to 
remove the DCB and disperse the NHSK in another, more volatile solvent.  Acetone and 
isopropanol were both explored as potential new solvents.  To exchange the solvents, a 
vacuum filtration technique was used.  A frit was placed onto a vacuum flask, with a 0.2 
um polytetrafluoroethylene (PTFE) membrane, from Millipore, on top.  A column was 
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then placed on top of the membrane, which is subsequently used to pour the NHSK 
solution into.  Figure 3.7 in section 3.5 shows an image of the laboratory setup. The DCB 
was filtered out of the solution, by rinsing with the new solvent 4 or 5 times, followed by 
bringing the solvent back to the original NHSK concentration and volume.  For example, 
if a 250 ml column is used, approximately 125 ml of NHSK/DCB solution are poured 
into the column.  Acetone or isopropanol is then added to the column, to make a 250 ml 
solution.  The solution is then vacuum filtered back to its 125 ml volume, and acetone or 
isopropanol is added again, repeating the procedure.  This process continues 4 or 5 times, 
until almost all of the DCB is removed.  Nitrogen (N2) bubbling is also conducted to 
prevent an NHSK film from depositing onto the membrane, which would also inhibit the 
solvent filtration. 
 Now that the NHSKs are dispersed in a volatile solvent they can be mixed with 
the epoxy, and the solvent can be subsequently evaporated out.  Unfortunately, it is very 
difficult to evaporate out all of the solvent before the epoxy cures, despite using highly 
volatile liquids.  Solvent will remain trapped in the composite, forming unwanted 
bubbles.  Thus to form a solid bulk epoxy composite the NHSK solution was added to 
one part of the epoxy, and the solvent was evaporated before mixing.   
 Acetone is a known solvent of DGEBA, and thus NHSKs in acetone were mixed 
with DGEBA, followed by solvent evaporation in a vacuum oven at ≈2.5*10-2 Pa and 
40oC.  Before mixing, DGEBA is heated to 60oC to melt any possible DGEBA crystals.  
It is important to carefully weigh the mixture before evaporation, to ensure that all of the 
solvent has been evaporated later.  Jeffamine is highly reactive with ketones, such as 
acetone, and any remaining acetone will ruin the epoxy curing.  Once all of the solvent is 
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removed, Jeffamine was added to the NHSK/DGEBA mixture at a 1:1 equivalent ratio 
with DGEBA.  The mixture was vigorously stirred for 2-3 minutes, followed by pouring 
the mixture into a PDMS dogbone mold, or a PTFE lined petri dish.  After mixing and 
pouring the uncured NHSK epoxy mixture was evacuated at 40oC for 10 minutes to 
remove any air bubbles that were introduced from mixing.  The epoxy NHSK composite 
samples are then cured at 40oC for 2 days, followed by a post-cure heat treatment of 70oC 
for 1 day. 
 Isopropanol exchanged NHSKs were also synthesized using a similar method, 
except they were first mixed with Jeffamine, followed by solvent evaporation in a 
vacuum at ≈2.5*10-2 Pa and 40oC.  Isopropanol was chosen because it is volatile and 
alcohols are one of the few solvents Jeffamine does not react with.  The mixture was 
weighed before evaporation, to ensure that all of the solvent had been evaporated later.  
Once all of the solvent is removed, DGEBA was added to the NHSK/Jeffamine mixture 
at a 1:1 equivalent ratio with Jeffamine. Before adding DGEBA, it was heated to 60oC to 
melt any possible DGEBA crystals.  After the addition, the mixture was vigorously 
stirred for 2-3 minutes, followed by pouring into a PDMS dogbone mold, or a PTFE lined 
petri dish.  After mixing and pouring the uncured NHSK epoxy mixture was evacuated at 
40oC for 10 minutes to remove any air bubbles that were introduced from mixing.  The 
epoxy NHSK composite samples are then cured at 40oC for 2 days, followed by a post-
cure heat treatment of 70oC for 1 day.  Figure 3.5 below shows an NHSK solution before 
and after an IPA solvent exchange. 
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Figure 3.5. Image of NHSK solution before and after solvent exchange. A completely black homogeneous 
solution is achieved due to the NHSK functionalization stabilizing the CNTs. 
 
 If a highly concentrated composite is being synthesized (>2.5wt.% NHSK), then a 
large amount of solvent is required to evaporate.  To speed up the synthesis, the bulk of 
the solvent is first removed using a Rotavapor at 50oC, before finishing the evaporation in 
the vacuum oven.  Additionally, it should be noted that sonication could not be used to 
disperse the NHSKs in the epoxy mixture.  Sonication will damage the polymer single 
crystal lamellae, and thus destroy the NHSK structure.  Thus mixing and agitation were 
the only techniques used to disperse the NHSK in the epoxy.  Moreover, it is also 
impossible to re-disperse NHSKs after they are dried into a powder.  By evaporating the 
solvent into one part of the epoxy, the NHSKs always stay suspended in liquid, and never 
fully dry.  The NHSK/epoxy part will typically gel into a solid like material once all of 
the solvent is removed.  However, upon adding the second epoxy component, the NHSKs 
are quickly returned to a liquid epoxy/NHSK mixture.  Figure 3.6 below shows an image 
of typical dogbone samples that were used for further testing and characterization. 
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Figure 3.6. Top.) NHSK bulk composite dogbone sample. Bottom.) Unmodified epoxy dogbone sample. 
 
3.5 NHSK Film Synthesis 
 Buckypaper-like NHSK films were synthesized using a vacuum deposition 
technique.  A setup very similar to the solvent exchange above is used, to deposit a 
NHSK film onto a PTFE membrane.  A frit was placed onto a vacuum flask, with a 0.2 
um polytetrafluoroethylene (PTFE) membrane, from Savillex, on top.  For NHSK film 
synthesis it is very important to use a Savillex membrane, because they Millipore 
membranes are not uniform, and will not deposit a flat film.  A column was then placed 
on top of the membrane, which was subsequently used to pour in enough NHSK solution 
for a 2-4 mg and 15 mm diameter film.  The DCB was vacuum filtered out of the NHSK 
solution and into the vacuum flask, depositing a NHSK film onto the membrane.  After 
the film was deposited, a small amount (about 5 ml) of methanol was used to rinse the 
film, to help wash away any excess DCB.  Following methanol rinsing, the column can 
be removed, and the membrane containing the NHSK film was placed onto a glass slide 
with double-sided tape.  This keeps the film flat; otherwise it will curl onto itself from 
capillary forces during drying.  The glass slide with the NHSK film was then placed 
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under vacuum for 48+ hours to remove any remaining solvents and finish drying.  Once 
dry, the NHSK film can be removed from the PTFE membrane, making a freestanding 
film.  Figure 3.7 below is an image of the test setup.  Figure 3.8 is a schematic of NHSK 
film synthesis. Figure 3.9 shows a comparison of buckypaper and NHSK films both 
synthesized using vacuum deposition. 
 
Figure 3.7.  Laboratory setup used for NHSK film deposition and NHSK solvent exchange. 
 
 
 
Figure 3.8. Schematic of NHSK vacuum deposition film synthesis [74]. 
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Figure 3.9. (a) SEM of buckypaper film (b) SEM of PE NHSK film (c) 16.5mm diameter free-standing 
buckypaper film (d) 16.5mm diameter free-standing PE NHSK film [74]. 
 
 For PEcoPAA NHSK films, an excess amount of amorphous polymer is typically 
present, which lowers the porosity of the film.  However, the amorphous un-crystallized 
polymer can be easily washed away by soaking the NHSK film in hot DCB, between 55 
to 90oC.  During washing it is critical that the film is still deposited on the PTFE 
membrane as a mechanical support.  A freestanding NHSK film in hot DCB will lose its 
mechanical integrity, and will break apart during handling.  During washing one 15 mm 
NHSK film is soaked in approximately 40 grams of hot DCB, for at least 10 minutes, to 
dissolve and remove the un-crystallized polymer.  After washing, the film is rinsed with 
methanol to remove excess DCB, and then placed back onto a glass slide with double-
side tape.  The glass slide with the washed film is then placed under vacuum for at least 
48 hours to remove excess solvent and finish drying. 
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3.6 NHSK Film Composite Synthesis 
 NHSK film composites were synthesized by soaking films in an epoxy solution, 
followed by curing with a 1kg weight.  First, DGEBA is carefully weighed out, followed 
by heating and evacuating at 60oC for 30 minutes to melt any crystals and remove 
trapped air.  After melting, Jeffamine is added and mixed to the epoxy solution in a 1:1 
equivalent ratio.  The solution is mixed for at least 2 minutes until it becomes a 
homogeneous low viscosity mixture.  NGDE, a flexible chain epoxy monomer, can also 
be added to the epoxy mixture to lower the Tg.  In this case, it is important to calculate 
and weigh out all components carefully, to ensure the epoxy:amine equivalent ratio is still 
1:1 for proper curing.  NGDE composites were synthesized at 1:1:2, 
NGDE:DGEBA:Jeffamine equivalent ratios.  Thus, equal equivalent ratios of epoxy 
species and amine species were still maintained.  For both epoxy monomers the 
equivalent weight was taken as half of the molecular weight.  Where as the equivalent 
weight for Jeffamine was taken as one fourth of the molecular weight.  After mixing, the 
epoxy solution is evacuated again at 40oC, for approximately 10 minutes, to remove all 
air bubbles created from mixing. 
 Now that the epoxy solution is prepared, NHSK films are submerged and soaked 
in the solution for 30 or more minutes, at room temperature, for complete epoxy 
infiltration. The soaked films are then removed from the solution using membrane 
tweezers and excess epoxy is wiped off, onto a PTFE sheet.  Lastly, the soaked film is 
placed into a PTFE lined petri dish, purchased from Fluoro Lab, followed by 
sandwiching with a PTFE block.  The film composite sandwich is placed in a oven at 
40oC for at least two days, with a 1kg weight on top.  The composite is then post-cured at 
70oC for 1 day, to finish epoxy curing.  After curing the composite film is cut into 2.5 
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mm wide strips for mechanical testing, and the remaining pieces are used for further 
characterization techniques.  Figure 3.10 below is a schematic of NHSK film composite 
curing.  Figure 3.11 is an example of a film composite strip used for mechanical testing. 
 
Figure 3.10. Schematic of NHSK film composite curing 
 
 
Figure 3.11.  Typical film composite strip used for mechanical testing 
72 
 
 For bilayer composite films, the same synthesis method is followed except the 
NHSK film is left on the PTFE membrane during epoxy infiltration and curing.  Once the 
epoxy is cured, the film composite can be easily removed from the PTFE membrane, 
creating a free-standing composite film. 
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CHAPTER 4 
 
POLY(ETHYLENE-CO-ACRYLIC ACID) NANO-HYBRID SHISH KEBABS 
4.1 Rationale 
 PE nano-hybrid shish kebabs (NHSKs) have been extensively studied since their 
creation in 2005 [10-12, 74, 92, 146].  By tuning the crystallization conditions, it has 
been shown that the size and intrakebab distance of the PE lamellae single crystals can be 
controlled, providing a unique controllable CNT functionalization [12, 74].  Similar to 
many other functionalization processes, the polymer lamellae kebabs will enhance the 
CNT compatibility with a matrix material in a polymer CNT nano-composite (PCN).  
Additionally, the NHSK structure and morphology creates a spacer and nano-anchor 
effect (see Figure 2.11 above), which will potentially increase the stress transfer to the 
matrix material, enhancing the mechanical properties [12]. 
Via vacuum deposition PE NHSKs can be deposited onto a PTFE membrane 
creating a buckypaper-like film [74].  By tuning the polymer to CNT ratio, the kebab size 
can be controlled, therefore adjusting the surface roughness of the film.  The PE kebab 
size also has a dramatic effect on the wetting properties of the film.  Altering the kebab 
size varies the wetting properties from hydrophobic to superhydrophobic, which is 
drastically different from the slightly hydrophobic CNTs.  The spacer effect of the PE 
single crystals also adjusts the number of CNT/CNT interactions, thus crystal size has a 
strong dependence on the electrical conductivity and porosity of the films.  However, 
perhaps the most intriguing feature of NHSK films is that the functionalization maintains 
the CNT exfoliation.  In buckypaper, CNTs are typically present in bundles [12].  For 
composite applications, CNT bundles will reduce the amount of interfacial interactions 
with the matrix material, thus reducing the stress transfer to the CNTs, and limiting the 
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mechanical property enhancement.  NHSKs combined effect of CNT exfoliation with the 
nano-anchor mechanism makes them more suitable for composite reinforcement 
applications. 
However, for composites and many other applications PE NHSKs are unfavorable 
because PE is extremely inert and does not contain functional groups.  Functional groups 
enable nanoparticle attachment for nanoelectronic devices and catalysts supports, as well 
as facilitating covalent bonding between the single crystal lamellae and the polymer 
matrix in a composite [12].  In composites the chemical cross-linking will enhance the 
thermo-stability and mechanical sturdiness of the lamellae.  Thus for polymer nano-
composites, NHSK’s with functional groups are superior to other non-covalent 
functionalization techniques because of the nano-anchor effect and the ability to 
chemically cross-link with the matrix [12]. 
A 5 wt.% random copolymer of poly(ethylene-co-acrylic acid) (PEcoPAA) was 
chosen because of the past successes developing PE NHSKs.  5 wt.% PAA correlates to a 
2% PAA monomer content, or a monomer ratio of 50:1 PE to PAA.  Adding this small 
amount of amorphous PAA still allows for similar PE/CNT crystallization behavior that 
has been previously studied.  However, this added functionality dramatically alters the 
surface chemistry of the single crystal lamellae and initiates the potential for many other 
NHSK applications. 
4.2 Structure and Morphology 
  In a previous study in Dr. Christopher Li’s laboratory, the synthesis of PEcoPAA 
NHSKs were reported.  These NHSKs were purified with centrifugation and isothermal 
filtration, as described in Chapter 3.3.  In all experiments 0.01 wt.% SWCNTs were 
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sonicated, centrifuged, mixed with a polymer solution at high temperature, crystallized 
between 70-90oC, and then isothermally filtered.  It was shown that PEcoPAA NHSKs 
could be successfully synthesized at polymer to CNT weight ratios (R) of 3 to 25.  
Additionally, there was no significant difference between crystallization temperatures of 
70-90oC.  As a starting point, PEcoPAA NHSKs were synthesized using the same 
procedure, and a TEM image can be seen in Figure 4.1 below. 
 
Figure 4.1.  TEM image 0.006 wt.% SWCNT PEcoPAA NHSK crystallized at 80oC, with a polymer to 
CNT ratio of 25.  Concentration ignores all CNT and polymer losses from centrifugation and isothermal 
filtration.  The black dots are iron catalyst particles from HiPCO SWCNT synthesis. 
 
 It is evident in Figure 4.1 above that NHSKs were formed, due to the polymer 
single crystal lamellae seen perpendicular to the CNT axis.  However, the sample above 
is not practical for many NHSK composite applications, due to the very dilute 
concentrations and difficulties with isothermal filtration, as discussed in section 3.3.  
Thus, all NHSKs used in this study were made in higher concentrations without 
centrifugation and isothermal filtration. 
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 All PEcoPAA NHSKs in this study were crystallized at 80oC.  SWCNT and 
MWCNT NHSKs were synthesized with varying concentrations of 0.01-0.1 CNT wt.%, 
and polymer to CNT ratios of 5-25.  In general, SWCNT NHSK synthesis requires higher 
polymer to CNT ratios due to their smaller size and larger surface area.  Larger surface 
area allows for more nucleation sites for the polymer to heterogeneously crystallize onto.  
However, by changing the CNT concentration, the ideal polymer to CNT ratio is also 
going change because the PEcoPAA/DCB solution behavior is different at various 
concentrations.  To maintain consistency, all SWCNT composite samples were 
synthesized using a final CNT concentration of 0.03 wt.% and polymer-to-CNT ratio of 
12.  All MWCNT samples were synthesized with a final CNT concentration of 0.05 
wt.%, and a final polymer-to-CNT ratio of 5.  TEM images of both NHSKs can be seen 
in Figure 4.2 and 4.3. 
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Figure 4.2. TEM image of 0.03 wt.% SWCNT PEcoPAA NHSK, crystallized at 80oC, with a polymer to 
CNT weight ratio of 12.  No centrifugation or isothermal filtration was performed. 
 
 
Figure 4.3. TEM image of 0.05 wt.% MWCNT PEcoPAA NHSK, crystallized at 80oC, with a polymer to 
CNT weight ratio of 5.  No centrifugation or isothermal filtration was performed. 
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 Figures 4.2 and 4.3 above clearly shows that NHSK were successfully formed 
onto SWCNTs and MWCNTs without centrifugation and isothermal filtration.  However, 
it is not clear in TEM how much un-crystallized polymer is still remaining, because of the 
poor electron transparency of amorphous polymer.  By examining a vacuum deposited 
NSHK film in SEM, it is much more evident how much un-crystallized PEcoPAA is 
present.  Figure 4.4 below shows an SEM image of PEcoPAA and PE, without 
centrifugation or isothermal filtration. 
 
 
Figure 4.4. (A) SEM image of 0.03 wt.% SWCNT PEcoPAA NHSK film, crystallized at 80oC, with a 
polymer to CNT weight ratio of 12.  No centrifugation or isothermal filtration was performed. (B) SEM 
image of a 0.01 wt.% SWCNT PE NHSK film, crystallized at 89oC, with a polymer to CNT weight ratio of 
3.  No centrifugation or isothermal filtration was performed. 
 
 By skipping isothermal filtration there is a dramatic effect on the PEcoPAA 
NHSKs.  A substantial amount of un-crystallized polymer is remaining, which dictates 
the porosity of the film.  NHSK structures are clearly present, however they are 
surrounded by unwanted amorphous polymer.  On the other hand, the PE NHSK film 
maintains its porosity, but also contains some homogenous crystallized PE impurities.  
Heterogeneous nucleation of these polymer chains was not favored at 89oC, and thus 
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homogenous nucleation and growth occurred when the NHSK solution was cooled after 
crystallization.  Both images are good examples of using NHSK synthesis for polymer 
chain fractionation.  For PEcoPAA the polymer chains rich in PE are more favorable to 
crystallize onto the CNTs, where as the PAA rich polymer chain segments are left un-
crystallized, thus fractionating the polymer.  For PE, certain molecular weights (MW) are 
more favorable to crystallize at 89oC, and thus MW fractioning is achieved during NHSK 
synthesis. 
 To remove the un-crystallized polymer in the PEcoPAA NHSK films, the films 
were soaked in DCB, and the excess amorphous polymer was washed away, following 
the procedure discussed in section 3.3.  This process is much easier and faster than 
isothermal filtration, however it can only be completed on NHSK films.  Figure 4.5 
shows several films after DCB washing. 
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Figure 4.5.  SEM image of 0.03 wt.% SWCNT PEcoPAA NHSK film, crystallized at 80oC, with a polymer 
to CNT weight ratio of 12.  No centrifugation or isothermal filtration was performed. (A) No DCB washing 
(B) After 55oC DCB washing (C) After 70oC washing (D) After 90o washing 
 
 DCB washing at 55oC was able to remove most of the un-crystallized amorphous 
polymer, while still maintaining the desired NHSK morphology and structure.  Where as 
washing at 70oC, only very small single crystal lamellae remain, and the CNTs began to 
re-bundle.  Not surprisingly, after 90oC washing, 10 degrees above the crystallization 
temperature, no single crystal lamellae remain.  Based on the washing results above, all 
NHSK film composites were synthesized using 55oC washed films and many 
characterization techniques were only conducted using unwashed and 55oC washed films. 
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 WAXD experiments were conducted to determine the crystalline structure and 
crystallinity of the PEcoPAA NHSK films.  Diffraction patterns for PEcoPAA and PE 
NHSK can be seen in Figure 4.6 below. 
 
 
Figure 4.6. WAXD plot of NHSK films showing PE crystal structure indicated by (a) (110) plane (b) (200) 
plane and (c) (020) plane 
 
 From WAXD, the PEcoPAA and PE NHSK showed identical crystal structures.  
However, the addition of 5wt.% PAA broadened the diffraction peaks and increased the 
size of the amorphous wave, due to the PAA effects.  As expected, the pure PE is more 
crystalline.  Pristine PE NHSK films typically have a crystallinity of 70-85%.  Curved 
fitting, in Magic Plot, showed that the un-washed PEcoPAA film and 55oC washed film 
were 40.8 and 42.7% crystalline.  Washing the PEcoPAA films was also able to 
fractionate the PEcoPAA polymer chains, and remove some of the PAA rich regions that 
will not crystallize, providing a small increase in crystallinity of the PEcoPAA NHSK 
film. 
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4.3 Chemical Analysis and Wetting Behavior 
 Since polymer crystallization and NHSK formation is a fractionation method, it 
was important to determine if the NHSKs formed with PEcoPAA were functionalized 
with carboxylic acid groups.  PEcoPAA is a random co-polymer and during 
crystallization it is presumed that PE rich segments will nucleate and grow single crystal 
lamellae onto the CNTs.  ATR-FTIR was conducted on NHSK films to determine if the 
single crystal lamellae contained carboxylic acid groups, despite fractionation.  Figure 4.7 
highlights the sp3 C-H and C=O stretch of the spectrum. 
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Figure 4.7. (a) FTIR spectrum of sp3 C-H stretching, showing peaks at 2920 and 2850 cm-1. (a) FTIR 
spectrum of C=O carbonyl stretching, showing a peak at 1700 cm-1.  
 
 From FTIR it is clear that the NHSKs contained carboxylic acid groups, as 
indicated by the carbonyl-stretching peak.  Both 55oC and 70oC washing contained this 
peak, indicating that the single crystal lamellae still contained PAA monomers, despite 
fractionation during crystallization and washing.  At 90oC, which is above the 
crystallization temperature, all of the single crystal lamellae were dissolved away, and the 
carbonyl stretch peak disappears.  However, there is still a small C-H stretch peak 
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present, indicating that a few PE polymer chains were still present, and most likely 
wrapped around the CNTs.  This is most likely the result of the free radical random co-
polymerization process during PEcoPAA synthesis.  Few polymer chains are pure PE and 
wrap around the CNTs, where as all PAA containing chains are washed away at 90oC. 
 Further chemical analysis was conducted using x-ray photoelectron spectroscopy 
(XPS), to investigate the surface chemistry of the NHSK films.  Since PEcoPAA is a 
random copolymer, and NHSK synthesis is a fractionation method, it is unclear where the 
carboxylic acid groups are located in the film after vacuum deposition and washing.  
Using XPS, the location of the oxygen species from the carboxylic acid groups can be 
studied.  By comparing a buckypaper film to an unwashed PEcoPAA NHSK film, it is 
clear from XPS that the surface chemistry was dramatically changed, evident by the 
enriched oxygen species, as seen in Figure 4.8 below. 
 
 
Figure 4.8. XPS spectra of (top) a buckypaper film (bottom) an unwashed PEcoPAA NHSK film 
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 XPS shows that buckypaper only contains a small amount of oxygen species, 
which are likely from a combination of oxidized defects on the CNTs and/or surface 
contamination.  On the other hand, the PEcoPAA film showed a significant concentration 
of oxygen, at almost 16 atom pct.  On average PAA should have only added about 2% 
oxygen, since it is only 5wt.% PAA.  Thus, it is suggested that the carboxylic acid groups 
may have accumulated on the film surface, creating a gradient throughout the film.  
Additionally, the carboxylic acid functional groups may attract further oxygen 
contaminants, increasing the oxygen species detected during an XPS scan.  Further 
characterization was also performed using XPS on a 55oC washed film, as seen in Figure 
4.9 below. 
 
 
Figure 4.9. XPS spectrum of the top and bottom of a 55oC washed PEcoPAA NHSK film 
 
 As expected the oxygen content on the surface of the NHSK film greatly 
decreased (≈16 to 9 atom pct.) after 55 oC washing, corresponding to the lower intensity 
carbonyl stretch seen in the FTIR spectrum.  XPS spectrum on the freestanding NHSK 
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films also showed that the oxygen content on the bottom of the films was about 40% 
lower.  This further suggests that the carboxylic acid groups are concentrating on the top 
of the NHSK films, developing a gradient.  It is unclear why the oxygen content may 
vary through the film.  However, it is hypothesized that during vacuum deposition, the 
hydrophobic PE-rich NHSKs will orient themselves towards the PTFE membrane, 
lowering the oxygen species on the bottom.  Additionally, a small amount of fluorine 
contamination was observed and is attributed to the PTFE membrane used during the 
vacuum deposition synthesis of the film. 
 Contact angle was performed to study the wettability of the PEcoPAA films.  As 
previously reported[74], PE NHSK films exhibit unique hydrophobic to super-
hydrophobic wetting properties, which are not ideal for infiltrating with epoxy to form a 
composite.  By adding 5 wt.% PAA, the wetting properties of the film are greatly 
enhanced.  Figure 4.10 below shows contact angle images of various PEcoPAA films. 
 
 
Figure 4.10. Contact angle images of PEcoPAA films A.) Unwashed B.) Washed at 55oC C.) Washed at 
70oC D.) Washed at 90oC 
 
 Both the unwashed and 55oC washed films showed a great improvement from the 
hydrophobic PE NHSK films, which contained contact angles ranging from 136.3-152.3o 
[74].  As the films are washed at higher and higher temperatures, the PAA groups are 
further removed, making the films more hydrophobic, and increasing the contact angle. 
87 
 
4.4 Thermal, Mechanical and Electrical Properties 
The thermal behavior of PEcoPAA was studied by conducting a DSC analysis on 
an as received PEcoPAA pellet, an unwashed PEcoPAA film, and a 55oC washed 
PEcoPAA NHSK film.  DSC curves can be seen in Figure 4.11 below. 
 
 
 
Figure 4.11. DSC scans of PEcoPAA 
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 Differences in the thermal behavior of PEcoPAA between each sample are 
evident from DSC.  1st heating curves showed a doublet peak in the unwashed NHSK 
film, as a result of the different melting behaviors of the polymer single crystal lamellae 
on the CNTs and the semi-crystalline polymer coating.  Washing the films removed the 
remaining polymer that did not heterogeneously nucleate on the CNTs, thus the washed 
film has a much sharper melting peak from polymer fractionation.  The as-received 
PEcoPAA showed a broad melting peak similar to the unwashed PEcoPAA film, 
however it is unknown how the polymer was processed before pelletizing. 
 1st cooling curves also showed different thermal behavior.  The as received 
PEcoPAA pellet had a sharp crystallization peak and on onset at 96oC, where as the 
washed NHSK film had a sharp crystallization peak and onset at approximately 106oC.  
The 10-degree difference is due to the lower undercooling required for heterogeneous 
nucleation of the PEcoPAA onto the CNTs.  On the other hand, the unwashed PEcoPAA 
films showed a broad crystallization region with multiple peaks, and the same onset 
crystallization temperature as the washed NHSK film.  This is due to the combination of 
homogeneous self-nucleation and heterogeneous CNT nucleation, as well as effects from 
the random co-polymer PEcoPAA not being washed and fractionated. 
 Lastly, the second heating curves also display different melting behavior.  The 
washed PEcoPAA NHSK films contained a similar sharp peak, however the melting 
temperature shifted from 101 to 99.5 oC.  Not surprisingly, the crystals formed during 
NHSK dilute solution synthesis are better defined and have slightly improved thermal 
stability.  The unwashed PEcoPAA film had similar broad melting peak, since the 
polymer is not fractionated, and the film contains a mixture of homogeneous and 
89 
 
heterogeneous crystals.  However, the 2nd heating curve did not contain a multiplet peak, 
since the PEcoPAA dilute solution crystal melting behavior was not present.  The as 
received PEcoPAA pellet showed very different melting behavior, containing two strong 
melting peaks at 98 and 103oC.  It is believed that the crystals begin to melt at 98oC, then 
re-crystallize, and melt again at 103oC during the second heating. 
 Not surprisingly the mechanical properties of NHSK buckypaper-like films are 
relatively poor.  The films are highly porous and individual CNTs can slide past one 
another until polymer single crystal lamellae interlock (see Figure 6.6).  Since NHSK 
functionalization is non-covalent, relatively little force is required to shear the single 
crystals off of the CNTs, and cause the films to fracture.  Tensile testing, following the 
procedure described in Section 3.2.5, showed that the films had a Young’s Modulus of 
506 ± 97 MPa, and a failure strength of 10.1 ± 1.52 MPa.  NHSK film mechanical 
properties are further discussed with film composites in section 6.3. 
 In-plane conductivity of PEcoPAA films was measured using a four-line probe 
technique. Scans were conducted using linear sweep voltammetry, as described in section 
3.2.6.  Since centrifugation and isothermal filtration was skipped, the exact CNT and 
polymer content of each film is known.  All NHSK films contained a polymer to CNT 
weight ratio of 12, so the films are approximately 7.7 wt.% CNT.  Each film was weighed 
after vacuum deposition, and drying for 48+ hours in vacuum.  After washing, the films 
were again dried in vacuum for 48+ hours, and then re-weighed.  All weight loss was 
attributed to PEcoPAA that was removed, and thus the CNT content could be re-
calculated accurately.  Table 4.1 lists the conductivity of the films with their respective 
CNT wt.%.  NHSK film conductivity is further discussed with film composites in section 
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6.3.  As expected, the conductivity increased with further washing.  As polymer was 
removed from the films, the number of CNT/CNT interactions is increased, thus 
enhancing the conductivity. 
 
Table 4.1  NHSK Film Conductivity 
NHSK Film CNT wt.% Conductivity (S/m) 
Un-Washed 7.7 13.02±1.56 
55oC Washed 13.2±0.7 42.72±2.56 
70oC Washed 37.1±1.9 128.92±25.79 
90oC Washed 53.4±2.7 1072.16±117.94 
 
4.5 Discussion 
 As seen in Figures 4.1-5, the unique three-dimensional NHSK structure was 
successfully achieved on SWCNTs and MWCNTs using PEcoPAA.  The synthesis was 
conducted without centrifugation and isothermal filtration, thus higher concentrations of 
NHSKs could be produced as practical composite nano-fillers.  WAXD (Figure 4.6) 
showed that the PEcoPAA polymer single crystals contained the same orthorhombic 
crystal structure as PE, however the crystallinity was decreased by the PAA defects in the 
polymer chain.  The less favorable crystallization behavior of PEcoPAA led to undesired 
free polymer that did not heterogeneously nucleate and grow onto the CNTs (Figure 4.4).  
To remove the excess polymer, NHSK films were washed with hot DCB (Figure 4.5).  
Despite polymer chain fractionation during washing and crystallization, FTIR showed 
that the NHSKs contained carboxylic acid functional groups (Figure 4.7). XPS further 
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confirmed the presence of carboxylic acid groups, evident by the presence of oxygen 
species in the unwashed and 55oC washed films (Figure 4.8-9).  XPS also suggests that 
there is a gradient in the carboxylic acid concentration, most likely the result of the PTFE 
vacuum deposition process.   As seen in DSC (Figure 4.11), polymer fractionation and 
the presence of CNTs significantly affects the thermal behavior of PEcoPAA.  The 
addition of carboxylic acid groups also greatly enhances the wetting behavior of the 
NHSK films, as seen in the un-washed and 55oC washed NHSK films (Figure 4.10). 
 In general, the mechanical properties of the NHSK films are very low, due to the 
poor CNT entanglement effect from polymer single crystal spacers.  The films are also 
porous, and thus the CNTs can slide past each other until the single crystals interlock.  
However, the shear stresses on the polymer single crystals break the non-covalent 
CNT/polymer bonds and cause the films to fail at 10.1±1.52 MPa.  The Young’s modulus 
of the NHSK films was measured to be 506±97 MPa, which is on the low end, but 
comparable to many other buckypaper-like films, as seen in Table 4.2 below. 
 
Table 4.2 Young’s Modulus of Buckypaper Films 
SWCNT Condition Young’s Modulus  
(GPa) 
Reference 
HiPCO Nitric Acid Treatment 0.8 to 5.0 [147] 
HiPCO Ionic Liquid Dispersant 0.3 to 2.2 [148] 
Laser Ablation Nitric Acid Treatment 1.2 [149] 
HiPCO Surfactant Dispersion 2.3 [150] 
HiPCO Surfactant Dispersion 0.9 [151] 
Laser Ablation Sonication in THF 0.5 [152] 
HiPCO NHSK 0.5 This Work 
 
 In general, the conductivity of the NHSK films is very high compared to other 
SWCNT/PE composites, as seen in Table 4.3 below.  This is partly due to the anisotropy 
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of the NHSK films, as well as the high CNT loading.  In a previous study, SAXS showed 
that the CNTs are aligned in-plane with the film, and the polymer single crystal spacers 
are perpendicular [74].  Thus, the conductivity in-plane is higher from CNT alignment.  
Additionally, the conductivity increased with higher washing temperatures.  As 
increasing amounts of polymer are washed away, the CNT/CNT interactions are 
enhanced, improving the conductivity.  However, the conductivity of the PEcoPAA 
NHSK films is much lower than the previously reported PE NHSK films [74].  This is 
expected to be a consequence of skipping isothermal filtration and using a different 
synthesis process.  During washing polymer chains can wrap around the CNTs, and limit 
the films conductivity. 
 
Table 4.3. Conductivity of SWCNT/polyethylene nano-composites 
CNT wt.% Polymer Synthesis Conductivity 
(S/m) 
Reference 
3 UHMWPE Dry Mixing / 
Sintering 
10-2 [153] 
6 HDPE Melt Extrusion 10-1 [154] 
8 HDPE Fast 
Crystallization 
from Dilute 
Solution 
70 [155] 
1 
5 
10 
30 
HDPE Hot coagulation 
and melt fiber 
spinning 
0.5 
1 
5 
50 
[156] 
13 
20 
52 
70 
HDPE NHSK Film 264 
4,140 
7,850 
26,700 
[74] 
7.7 
13.2 
37.1 
53.4 
PEcoPAA NHSK Film 13 
43 
129 
1072 
This work 
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Future work is expected in using PEcoPAA NHSKs for many other applications 
because of the versatility achieved by attaching carboxylic acid groups to the polymer 
single crystal surface.  Functional groups enable nanoparticle attachment for 
nanoelectronic devices and catalysts supports, as well as facilitating covalent bonding 
between the single crystal lamellae and the polymer matrix in a composite [12].  More 
work is also expected in optimizing PEcoPAA NHSK synthesis, due to the many 
challenges crystallizing a random co-polymer.  Isothermal filtration is very time 
consuming, and washing leads to unwashed polymer wrapping around the CNTs.  Well-
defined PEcoPAA co-polymers with precise PAA placement offer better crystallization 
behavior, which will greatly enhance the feasibility of large scale PEcoPAA NHSK 
synthesis [157].
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CHAPTER 5 
 
NHSK BULK COMPOSITES 
5.1 Synthesis Approach 
As described in section 3.4, bulk NHSK epoxy composites were synthesized 
using a solvent evaporation and in situ epoxy polymerization technique.  One of the key 
challenges to using NHSKs as a composite nano-filler is there inability to re-disperse 
them in a solvent after being dried into a powder or film.  Thus, for bulk composites the 
NHSKs must remain in a liquid, until they are mixed with a polymer matrix and the 
liquid can be evaporated out.  NHSKs were solvent exchanged with acetone and 
isopropanol (IPA) for solvent evaporation purposes.  Unfortunately, issues with 
developing solvent bubbles during solvent evaporation and epoxy curing occurred.  This 
was alleviated by adding NHSKs to one part of the epoxy, followed by evaporating all of 
the solvent, before the second epoxy part was added and the composite was cured.  
NHSKs in acetone were added to DGEBA, because acetone is a known DGEBA solvent.  
However, ketones are highly reactive with Jeffamine, thus IPA exchanged NHSKs were 
mixed with Jeffamine first.  A schematic of the two processes is seen below in Figure 5.1. 
 
 
Figure 5.1. Solvent exchange and in situ epoxy polymerization procedure used during NHSK epoxy bulk 
composite synthesis. 
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 Both approaches were able to produce bulk NHSK epoxy composites, however 
significant aggregation was observed using acetone exchanged NHSK.  After the acetone 
was evaporated, the NHSKs suspended in DGEBA became very unstable, producing 
visually noticeable aggregates.  After adding Jeffamine, which significantly lowered the 
viscosity, agitation and mixing was unable to break up and re-disperse the NHSKs.  It is 
presumed that sonication would significantly help with NHSK dispersion in the epoxy, 
however sonication might damage the polymer single crystal lamellae, thus destroying 
the NHSK structure and morphology.  Rather than risk damaging the NHSK structure for 
an uncertain outcome in dispersion, an alternative method of adding NHSKs to IPA was 
devised.  IPA exchanged NHSK maintained good dispersion in Jeffamine after the 
solvent was evaporated out.  Upon adding DGEBA, the mixture sustained a homogenous 
black color.  Figure 5.2 below shows Epoxy samples of both synthesis techniques. 
 
 
Figure 5.2. (A) Neat Epoxy (B) 0.5 wt.% NHSK Epoxy composite using Acetone exchange synthesis (C) 
0.5 wt.% NHSK Epoxy composite using Isopropanol exchange synthesis 
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As a result of these preliminary findings, all bulk composites were synthesized 
using the IPA solvent exchange technique.  Bulk composites were synthesized and 
characterized at 0.5, 1.0 and 2.5 NHSK wt.%. (PEcoPAA and CNT), which corresponds 
to 0.1, 0.2 and 0.5 wt.% CNTs, respectively.  Higher concentrations, 3.0 wt.% and greater 
were synthesized, however at these concentrations the mixtures gelled and became 
difficult to process into tensile dogbones for further characterization and testing.  All bulk 
composites were synthesized using MWCNT NHSKs, with a polymer to weight ratio 5, 
as discussed in sections 3.4 and 4.2.  As a control, a 0.5 wt.% CNT composite, without 
NHSK functionalization, was also produced using the same solvent evaporation and in 
situ epoxy polymerization synthesis technique. 
Shape memory epoxy (SME) was chosen as the matrix material because it has 
been widely studied in literature [19, 134, 158-162].  As discussed in section 2.4, it also 
has an easily tunable glass transition, or shape memory transition, making it favorable for 
a variety of applications.  Additionally, SME has intrinsically high mechanical properties, 
chemical resistance, and thermal stability making it a suitable matrix for many shape 
memory applications. 
5.2 Thermal and Mechanical Properties 
DMA analysis was conducted to study the thermo-mechanical properties and 
shape memory transition of the bulk composites.  When the epoxy matrix undergoes its 
glass transition, the molecular switches of the epoxy network become mobile, inducing 
the shape memory effect and allowing the material to return back to its low energy 
conformation.  The glass transition also correlates to a noticeable drop in storage 
modulus, which is easily measured during a DMA scan.  The loss tangent is also used to 
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analyze the increase in phase lag at Tg and during NHSK single crystal melting.  Figure 
5.3 below shows the DMA results for unmodified epoxy and four epoxy composites. 
 
 
Figure 5.3. Bulk composite DMA results of storage modulus and loss tangent 
 
 From Figure 5.3 above, it can be seen that all composites have a higher storage 
modulus, than the unmodified epoxy, above the glass transition.  The 2.5 wt.% NHSK 
composite showed the greatest improvement with an 82% increase at 20oC.  0.5 wt.% 
CNT, 0.5 wt.% NHSK, and 1.0 wt.% NHSK showed improvements of 65, 43, and 70%, 
respectively.  However, all composites showed a decrease in storage modulus after the 
glass transition, or shape memory transition.  This is most likely the effect of defect 
creation or filler/matrix dissociation due to large differences in thermal expansion 
coefficients after the glassy to rubbery the phase transition. The decrease in storage 
modulus is even more significant for the NHSK composites, after 95-100oC.  It is 
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suspected that the large decrease is from the PEcoPAA single crystal lamellae melting 
inside the polymer matrix.  Between the epoxy Tg and PEcoPAA melting temperature all 
NHSK composites showed an extended linear behavior in storage modulus .  Once all the 
NHSK single crystals melted at 100oC the storage modulus plateaued similar to the 
unmodified epoxy and CNT epoxy composite.  The epoxy and CNT composite sample 
did not show this behavior between Tg and 100oC, and quickly plateaued as expected.  
The loss tangent plot above also shows the effects of the single crystals melting in the 
NHSK composites.  After crystal melting, the phase lag remains very high, from liquid 
PEcoPAA in the composite. 
 Furthermore the glass transition of the unmodified epoxy, 0.5 wt.% CNT 
composite, and 0.5 wt.% NHSK composite was measured to be about 72oC for all three 
samples.  However, the Tg decreased for the 1.0 and 2.5 wt.% composite, to 
approximately 68 and 65oC, respectively.  This decrease in Tg is most likely the result of 
the NHSK solvent exchange and solvent evaporation.  Since these composites contain 
higher NHSK concentrations, they also require larger quantities of IPA to be evaporated.  
In the solvent, there are still small amounts of DCB left in the solution from the solvent 
exchange.  Higher concentration composites may have larger traces of DCB trapped in 
the composite, which will lead to a lower glass transition because of a plasticizer-like 
effect.  Additionally, the longer evaporation times will allow small amounts of Jeffamine 
to evaporate, which could off balance the Jeffamine to DGEBA ratio, and lower the 
cross-linking density.  Lastly, the decrease could also be the result of the PEcoPAA 
melting overlapping with the SME glass transition.  Since more polymer is present in the 
1.0 and 2.5 wt.% samples, the PEcoPAA crystal melting will have a stronger effect. 
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 Tensile testing the bulk composites showed moderate improvement in the 
mechanical properties.  In a 2.5 wt.% NHSK composite, Young’s modulus and yield 
strength were increased 16.7% and 18.5%.  Or more specifically, the elastic modulus 
increased from 2.53 to 2.96 GPa.  Tensile testing data is shown below in Figure 5.4, with 
standard deviation error bars.  Additional bulk tensile data is shown in section 6.3, with 
film composites. 
 
 
Figure 5.4. (a) Young’s Modulus of unmodified epoxy and bulk composites (b) Yield strength of 
unmodified epoxy and bulk composites 
 
 Since all composite materials mainly consist of SME, all of the samples innately 
exhibit shape memory behavior.  Heating the materials above their glass transition 
temperature will induce the shape memory effect, and allow the materials to return back 
to their permanent shape.  Figure 5.5 shows the behavior of an epoxy and NHSK 
composite dogbone on a hotplate at 75oC.  
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Figure 5.5.  Shape memory behavior of unmodified SME and 0.5 wt.% NHSK SME composite, on top of a 
hotplate at 75oC. 
 
 Clearly, both samples display shape memory behavior because they return to their 
permanent and pre-determined flat dogbone shape.  The NHSK composite showed 
slightly improved shape memory recovery time, as compared with the unmodified epoxy.  
This is most likely the consequence of a slightly lower Tg from processing and/or 
improved thermal conductivity from the CNTs.   
5.3 Structure and Morphology 
 After tensile testing, the fracture surface of each sample was analyzed using SEM.  
Figure 5.6 below shows an unmodified epoxy fracture surface. 
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Figure 5.6. SEM images of unmodified epoxy tensile fracture surface 
 
In general, the epoxy fracture surface is smooth with a few ridges, indicative of a 
brittle fracture.  Figure 5.7. shows a CNT epoxy fracture surface with similar surface 
topography. 
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Figure 5.7. SEM images 0.5 wt.% CNT Epoxy composite tensile fracture surface. 
 
 Analogous to unmodified epoxy, the fracture of the CNT composite is smooth 
with ridges throughout.  Small (<1 micron) size CNT aggregates are present in addition 
to small surface roughness features from the CNTs.  On the other hand, the NHSK 
composite fracture surface is very different from unmodified epoxy and CNT composites, 
as seen in Figure 5.8. 
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Figure 5.8. SEM images of 2.5 wt.% NHSK epoxy composite fracture surface 
 
 Conversely, the NHSK composite fracture surface is very rough, and shows 
significant phase separation.  Most of the sample depicts an NHSK-rich epoxy phase, 
however regions without NHSKs are also present.  This phase separation behavior is also 
seen in the 0.5 and 1.0 wt.% sample, however the epoxy rich regions are more prevalent 
due to less NHSKs present in the system.  The rough fracture surface is clearly the result 
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of mechanical property differences between the NHSK-rich and epoxy-rich phases.  
Large differences in mechanical properties will lead to localized stresses between phase 
interfaces, developing an irregular fracture surface. 
5.4 Discussion 
Similar to many other CNT polymeric composite systems, NHSK bulk 
composites experienced difficulties with materials processing and CNT dispersion. Since 
NHSKs cannot be re-dispersed after drying into a powder they must remain suspended in 
solution until the epoxy is cured. Additionally, NHSKs are synthesized in dilute solutions 
(0.05 wt.%), thus the solvent exchange and evaporation is very tedious and takes several 
days to a week to complete.  The long evaporation time makes it extremely difficult to 
mix the NHSK solution with both epoxy components, and evaporate out all of the solvent 
before the epoxy cures and solidifies.  By completing the solvent evaporation in one 
epoxy component (DGEBA or Jeffamine) fully dense composites were created without 
solvent bubbles.  However, the NHSK dispersion in these liquids is also limited.  NHSKs 
suspended in DGEBA experienced significant aggregation that could not be re-dispersed 
(Figure 5.2).  Re-dispersion of NHSKs is severely limited because the composite mixture 
cannot undergo sonication without damaging the polymer single crystals and NHSK 
structure and morphology.  NHSKs suspended in Jeffamine were able to form complete 
black composites, however SEM fracture surface images (Figure 5.8) later showed 
significant phase separation was prevalent.  Thus, the composites were inhomogeneous, 
and mechanical reinforcement was restricted due to poor CNT distribution and limited 
interfacial interactions with the epoxy matrix.  Phase separation is most likely the effects 
of several synthesis difficulties, such as the inability to sonicate the NHSKs, and poor 
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NHSK stability in the epoxy monomer after solvent evaporation.  Mechanical 
reinforcement was also limited by the MWCNT NHSK quality (Figure 4.3). These 
MWCNTs were very cheap ($5/gram), and used without purification. The CNTs likely 
contained amorphous carbon and surface defects.  Thus the physical properties of the 
CNTs are restricted the NHSK structure and morphology is poor.  Table 5.1 compares 
this work to other MWCNT/epoxy composite systems. 
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Table 5.1 Mechanical properties of MWCNT/epoxy polymeric nano-composites 
CNT wt.% Synthesis Test Young’s 
Modulus 
(% increase) 
Storage 
Modulus 
(% increase) 
Reference 
5.0 Simple 
Mixing 
Tensile 20  [163] 
1.0 Surfactant 
and Solution 
Mixing 
DMA  30 [164] 
1.0 Simple 
Mixing 
Tensile 100  [165] 
0.5 
1.0 
4.0 
Simple 
Mixing 
Tensile 77 
100 
115 
 [166] 
3.0 Solution 
Mixing 
Tensile 100  [167] 
6.0 Simple 
Mixing 
Tensile 32  [168] 
0.25 Block Co-
Polymer 
Modified 
and Solvent 
Mixing 
Tensile 50  [169] 
1.0 Plasma 
Surface 
Modified 
and Solution 
Mixing 
Tensile 100  [170] 
4.0 Oxidized and 
Bulk Mixing 
Tensile -10  [171] 
1.0 Oxidized and 
Solution 
Mixing 
DMA  75 [172] 
0.5 Solution 
Mixing 
Tensile 
 and  
DMA 
5 65 This Work 
0.1 
0.2 
0.5 
NHSK and 
Solution 
Mixing 
Tensile  
and  
DMA 
12 
14 
17 
43 
70 
82 
This Work 
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 As expected, phase separation also led to poor conductivity.  Epoxy rich regions 
in the composite prevent the CNTs from developing a three-dimensional conductive 
network throughout the composite.  Only the 2.5 wt.% NHSK composite had a 
measureable conductivity using the test methods described in section 3.2.6.  Although the 
conductivity was quite low (3.2*10-6 S/m), the ability to measure the conductivity shows 
that the CNT dispersion is improved after NHSK functionalization, despite the evident 
phase separation.  The 0.5 CNT wt.% composite, without NHSK functionalization, 
contains the same CNT loading as the 2.5 wt.% NHSK sample, however the sample was 
extremely insulative and the conductivity was below the instrumentation limits.  Since 
the composites have poor electrical conductivity, the electric current though the sample 
will be very restricted when an electric potential is applied.  Thus there will be limited 
localized ohmic heating, which is required to indirectly induce the shape memory effect, 
as discussed in section 2.4.3.  Subsequently, all SME bulk composites will not exhibit an 
alternative shape memory stimulus mechanism, because of the poor CNT conductivity 
and dispersion.  However, as seen in Figure 5.5, the composites are innately shape 
memory because they all consist of >97.5% SME. 
Future work includes the use of PEcoPAA NHSK fillers in other matrix materials, 
as well as investigating other synthesis techniques.  High shear mixing techniques, such 
as calendaring, will likely improve the NHSK dispersion achieved from solution mixing 
and agitation.  Additionally, toughness experiments may show improved behavior from 
NHSKs additions, evident by the rough ductile fracture surfaces seen in Figure 5.8 and 
high losses in DMA analysis (Figure 5.3).  Lastly, thermo-mechanical analysis (TMA) is 
necessary to fully characterize the shape memory behavior of the SME composites. 
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CHAPTER 6 
 
NHSK FILM COMPOSITES 
6.1 Structure and Morphology 
 PEcoPAA NHSK film composites, with two different SME chemistries, were 
synthesized using the methods described in section 3.6. The creation of NHSK epoxy 
film composites was first investigated using PE NHSK films.  However, freeze fracture 
SEM images showed that the highly hydrophobic wetting properties of the PE films led 
to incomplete epoxy infiltration.  By using PEcoPAA, the wetting behavior of the NHSK 
film is enhanced, allowing for complete epoxy infiltration and the creation of a 
completely dense NHSK film composites.  Figure 6.1 shows SEM freeze fracture images 
of PE and PEcoPAA film composites. 
 
 
Figure 6.1.  Freeze fracture SEM images of epoxy infiltration in A.) PE NHSK film B.) PEcoPAA NHSK 
film 
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 It is clear from the image above that the PE film is still highly porous, where as 
the PEcoPAA film has been completely infiltrated by the epoxy, creating a fully dense 
composite.  It can also be seen in Figure 6.1 that excess epoxy is left on the film surface.  
Using the synthesis method discussed in section 3.5, approximately 10 microns of epoxy 
was left on both sides of the NHSK films composites, as seen in figure 6.2 below. 
 
 
Figure 6.2. Freeze fracture image of a NHSK sandwich composite 
 
 Thus the epoxy NHSK film composites are completely covered in an insulated 
epoxy coating.  For mechanical testing, all tensile tests were conducted using sandwich 
composites because of their symmetry.  However, in order to gain access to the 
electrically conductive CNTs, a bilayer composite was synthesized, as discussed in 
section 3.5.  Using a bilayer composite, the NHSK composite film conductivity was 
measured and electro-active shape memory experiments were completed. Additionally, 
chemical analysis of the NHSK film composite can be conducted, since the pure epoxy 
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layer is removed.  An image of a bilayer NHSK film composite is seen below in Figure 
6.3. 
 
 
Figure 6.3. Freeze fracture image of a bilayer NHSK film composite 
 
6.2 Chemical Analysis 
 XPS experiments were used to do depth profiling chemical analysis on the 
exposed NHSK film, in a bilayer composite.  Chemical analysis of a sandwich composite 
would only show epoxy, in FTIR and XPS.  Since bilayer composites are synthesized on 
the PTFE membrane, it is unclear if the epoxy has completely impregnated the entire 
film.  The hydrophobic PTFE membrane has very poor wetting behavior and is not 
infiltrated by the epoxy during composite synthesis.  Thus the epoxy must be able to fully 
penetrate the NHSK film from the top or sides to create a fully dense composite.  Using 
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XPS the surface chemistry of the bilayer composite can be studied with subsequent depth 
profiling.    
From calculation, the composites should be approximately 0.5 at.% nitrogen from 
the Jeffamine epoxy hardener, and 2.5 at.% oxygen from the epoxy and PEcoPAA.  
Figure 6.4 below shows the XPS spectra of the top NHSK composite surface, as well as 
approximately 30 nm depth profiling after 11 minutes of C60 sputtering. 
 
 
Figure 6.4. XPS spectra (a) Top surface of NHSK bilayer composite (b) NHSK bilayer composite after 11 
minutes of C60 sputtering, or approximately 30 nm depth profiling.  High resolution scans of O1s and N1s 
are also shown. 
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 The top surface of the NHSK film composite shows a much larger fluorine 
contamination, than the porous NHSK film, due to the ‘sticky’ epoxy interacting with the 
PTFE membrane and tearing fluorine atoms off.  The oxygen content is also higher than 
expected, due to surface contamination from gaseous species adsorption in the 
environment, similar to the NHSK films.  However, in both cases the nitrogen content is 
approximately 0.5 at.% as expected.  The presence of nitrogen on the surface and after 
depth profiling indicates that epoxy has fully penetrated the film, since nitrogen species 
will only appear from the Jeffamine.  Additionally, after sputtering the fluorine 
contamination is completely removed, and the oxygen content is decreased to 
approximately 2.83 at.%, close to the expected 2.5%. 
6.3 Thermal, Mechanical and Electrical Properties 
 Tensile testing the sandwich film composites showed a great improvement in the 
Young’s modulus of the both the NHSK film and unmodified epoxy.  The sandwich film 
composite exhibited a modulus of 7.96±0.52 GPa, which correlates to a 214% 
improvement of the unmodified epoxy, and a 1,472% increase of the porous NHSK film.  
However, as seen in the freeze fracture image (Figure 6.2), the sandwich composite is 
approximately 2/3 unmodified epoxy by volume.  Thus, the modulus of the individual 
NHSK film composite can be calculated using the equation below: 
                      !!"#$"%&'( = !!"#$ ∗ !!"#$ + !!"#$% ∗ !!"#$%                            (6.1) 
Where E and V represent the elastic modulus and volume of the composite components. 
 From equation 6.1, the elastic modulus of the NHSK film composite is 
approximately 18.87±1.22 GPa, an astounding 644% increase of the unmodified epoxy 
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and 3,629% increase of the NHSK film.  Figure 6.5 below shows tensile data comparing 
NHSK sandwich film composites with other materials that were studied. 
 
 
Figure 6.5. Tensile curves of unmodified epoxy, a porous PEcoPAA NHSK film, a sandwich film 
composite and a 2.5 wt.% NHSK bulk composite. 
 
 In all sandwich film composite tests, the samples showed an extremely high initial 
elastic modulus, as discussed above. However the films also contained a yield point at 
9.67 ± 1.15 MPa.  After this yield point a second linear region is developed with a 
modulus-like behavior of 2.06 ± 0.03 GPa.  This correlates to an 18.6% decrease from the 
unmodified epoxy, and 308% increase from the porous NHSK film.  Solving for the 
modulus of the individual NHSK composite film by volume, using equation 6.1 above, 
the film had a modulus of approximately 1.19±0.02 GPa, a 53% decrease from the 
unmodified epoxy and a 136% increase from the porous NHSK film.  Thus there is a 
dramatic drop in the linear mechanical behavior of the NHSK film, (from 18.87 to 1.19 
GPa) after the yield point.  The creation of defects in the NHSK film, such as: CNT 
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slippage, NHSK crystal dissociation, voids and/or partial de-lamination are suspected at 
this low yield point.  An SEM tensile fracture image of the NHSK film composite can be 
seen in Figure 6.6. 
 
 
 
Figure 6.6. SEM images of NHSK film composite tensile fracture surface 
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 The tensile fracture shows great dispersion of SWCNTs in the composite, inherent 
from the NHSK spacer effect and film synthesis.  Additionally, the CNTs on the surface 
have pulled out of the epoxy matrix and re-coiled due to the unbalanced high stresses at 
the fracture surface.  NHSK single crystal lamellae structure cannot be seen because the 
PEcoPAA and epoxy have very similar electron density and contrast in SEM and/or the 
single crystals have broken off of the SWCNTs.  The very rough fracture surface is 
indicative of high unbalanced stresses at failure between the CNTs, polymer single 
crystals, and epoxy.  However, it is unclear from SEM fracture surface images what may 
be causing the low yield point. 
Unfortunately, the film composites are too thin to conduct a DMA experiment.  
The instrument sensitivity requires samples to be about 0.5 mm thick, and the film 
composites are  about 30 µm. However, DSC experiments were conducted to measure the 
thermal behavior and shape memory transition.  Since all film composites contained large 
layer(s) of unmodified epoxy, only the thermal behavior of the epoxy was recordable by 
the DSC instrument. Figure 6.7 shows the second heating curve for NHSK film 
composites. 
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Figure 6.7. Second heating DSC scans of NHSK film composites 
 
 By adding NGDE to the epoxy mixture, the Tg and shape memory transition 
shifted to approximately 42 oC.  The DGEBA and Jeffamine epoxy mixture, also used in 
the bulk composites, showed a glass transition at approximately 75oC, very close to the 
DMA results of unmodified epoxy seen in Figure 5.3.  Thus, as previously described in 
literature, the shape memory transition of the epoxy can be easily tailored for specific 
applications [19].  Also, as reported in literature, the NGDE containing epoxy had very 
similar mechanical properties at room temperature [134].  Strain gauge extensometer 
measurements showed an elastic modulus of 2.45 ± 0.38 GPa for NGDE containing 
epoxy, and 2.54 ± 0.19 for epoxy without NGDE.  All NHSK film composite tensile 
testing experiments were conducted using epoxy without NGDE, so it could be directly 
comparable with the bulk composites.  However, since the elastic properties are very 
similar at room temperature, the same mechanical behavior is expected for the NGDE 
containing epoxy. 
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 Using a bilayer composite, the in-plane conductivity of the NHSK film 
composites can be measured using linear sweep voltammetry, similar to the NHSK films 
discussed in section 4.4.  As expected the conductivity of the NHSK film composites 
decreased, since filling the porous NHSK films with epoxy will lower the number of 
CNT/CNT interactions that are conducting through the film.  The film composites 
displayed a conductivity of 2.13±0.5 S/m, slightly lower than the unwashed films, which 
had a conductivity of 13.2±0.7 S/m.  The film composite, NHSK films, and 2.5 wt.% 
bulk composite conductivity are also shown in Figure 6.8 below. 
 
 
Figure 6.8. Conductivity of NHSK films, film composites and bulk composites. 
 
 NHSK film composites are a great candidate for alternative stimulus shape 
memory materials because their high conductivity indicates they are above the 
percolation threshold, and a three-dimensional CNT conductive network exists within the 
film.  By applying an electric field through the material, the shape memory transition is 
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indirectly induced via localized resistive heating above Tg.  Using a bilayer composite of 
1:1:2 equivalent ratio of NGDE:DBEBA:Jeffamine, electro-active behavior was 
exhibited in the films, as seen in Figure 6.9 below. 
 
 
Figure 6.9.  Electro-active shape memory behavior of a NHSK film composite.  Complete recovery is 
achieved in 7 seconds at 120 volts DC. 
 
Initial experiments were unsuccessful, using a bilayer film composite with a 1:1 
equivalent ratio of DGEBA:Jeffamine .  In these experiments, both ends of a NSHK 
composite strip were clamped at either end.  The clamping, as well as the high shape 
memory transition temperature (75 oC), prevented the film from fully recovering, under 
an applied DC electric potential.  Using a horseshoe shaped bilayer composite film, as 
previously reported in literature [162], one end of the film composite has enhanced 
freedom to recover back to its permanent shape.  A 1:1:2 equivalent ratio of 
NGDE:DGEBA:Jeffamine also lowered the shape memory transition to 42oC, thus 
lowering the electric current needed to trigger the shape memory effect [120].  It is 
expected that lower voltage stimuli and faster recovery times could be achieved if the 
layer of unmodified epoxy was removed in the bilayer composite.  In order for the shape 
memory transition to occur the entire layer must be heated above Tg, which does not 
contain any of the CNTs that are heating the sample and inducing the shape memory 
effect. 
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6.4 Discussion 
 By developing PEcoPAA NHSKs, the wettability of PE NHSKs was greatly 
enhanced by the addition of carboxylic acid groups, enabling the creation of a fully dense 
SME NHSK film composite (Figures 6.1 and 6.2).  Unfortunately, the infiltration 
procedure, described in section 3.6, led to layers of unmodified epoxy on the top and the 
bottom of the NHSK film composite (Figure 6.2).  However, one of the epoxy layers was 
removed by leaving the NHSK film on the PTFE membrane during composite synthesis.  
After the epoxy was cured, the film was removed from the membrane, creating a bilayer 
composite, with only one layer of unmodified epoxy remaining (Figure 6.3).  With 
NSHK film composite exposed, it is accessible for further chemical and electrical 
analysis (Figure 6.4 and 6.8).  The NHSK film composites showed conductivities of 
2.13±0.47 S/m, lower than the porous NHSK films, however still above the percolation 
threshold.  This high conductivity is clearly the result of good CNT dispersion from 
NHSK functionalization and film synthesis.  Table 6.1 below compares the conductivity 
of several other SWCNT epoxy composites. 
 
Table 6.1 Conductivity of SWCNT/epoxy polymeric nano-composites. 
CNT wt.% Synthesis Conductivity 
(S/m) 
Reference 
0.21 High Frequency 
Sonication 
1.25*10-3 [173] 
2.5 Solution Mixing 1.3*10-2 [174] 
0.4 Solution Mixing 10-2 [175] 
0.5 Ball Milled/High 
Shear Mixing 
0.05 [176] 
15 Solution Mixing 10 [84] 
5.2 NHSK Film 
Impregnation 
2.13 This Work 
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 During NHSK film synthesis, porous CNT scaffolds are created with PEcoPAA 
single crystal lamellae spacers.  The vacuum deposition techniques allows for greatly 
enhanced CNT dispersion, as seen in Figures 6.1,2,3 & 6.  Issues with phase separation 
and agglomeration are eliminated because the NHSKs are never suspended in the epoxy 
monomer.  Using this technique, much higher CNT loadings can be achieved, with 
minimal processing difficulties, which is very important for the development of high-
performance CNT-composites [60].  NHSKs functionalization also maintains the CNT 
exfoliation, where as CNTs in buckypaper are typically present in bundles, severely 
limiting the interfacial interactions with the matrix filler [12].  Thus the use of NHSK 
films as composite scaffolds greatly improves the CNT dispersion, CNT wt.%, and 
enhances the interfacial interaction with the matrix filler.  All of these characteristics will 
lead to phenomenal improvements in the mechanical and electrical properties of the 
unmodified epoxy.  Table 6.2 compares the mechanical properties of many other 
SWCNT epoxy composite systems. 
 
 
 
 
 
 
 
 
 
121 
 
Table 6.2 Mechanical properties of SWCNT/epoxy polymeric nano-composites 
CNT wt.% Synthesis Test Young’s 
Modulus     
(% increase) 
Storage 
Modulus     
(% increase) 
Reference 
1.0 Fluorinated w/ 
Solution 
Mixing 
Tensile 30  [177] 
5.0 Solution 
Mixing 
Tensile 0  [178] 
31.3 Buckypaper 
Impregnation 
DMA  492 [54] 
0.5 Solution 
Mixing 
DMA  51 [179] 
0.3 Fluorinated w/ 
Solution 
Mixing 
DMA  8 [180] 
0.5 NH2-modified 
w/ Solution 
Mixing 
DMA  25 [181] 
0.1 NH2-modified 
w/ Solution 
Mixing 
Tensile 52  [182] 
27 Alligned 
Buckypaper 
Impregnation 
Tensile 456  [183] 
27 Pre-strained 
and Alligned 
Buckypaper 
Impregnation 
Tensile 726  [183] 
30 Buckypaper 
Impregnation 
Tensile 214  [152] 
12.5 COOH-
modified 
Buckypaper 
Impregnation 
Tensile  
and  
DMA 
59 118 [103] 
5.2 NHSK Film 
Impregnation 
Tensile 644  This Work 
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 As discussed earlier, the early onset elastic properties of the NHSK film 
composites showed a remarkable increase in elastic modulus, at 18.87±1.22 GPa.  
However, this behavior was limited by a yield point at 9.67±1.15 MPa.  It is expected that 
this yield point is the consequence of NHSK/matrix dissociation and slippage, or the 
NHSK film composite partially de-laminating with the unmodified epoxy layers in the 
sandwich composite.  Under tension, high shear stresses are expected at the 
lamellae/CNT interface, and the NHSK film composite/epoxy interface.  Despite the low 
yield point, it can be concluded from the early elastic behavior that the unique three-
dimensional NHSK structure and morphology, along with improved dispersion, greatly 
enhanced the mechanical reinforcement of the epoxy.  Future work includes the 
development of similar NHSK nano-structures with enhanced covalent bonding at the 
CNT/single crystal interface, as well as the single crystal/matrix interphase.  For 
example, the carboxylic acid groups on the PEcoPAA single crystals could be treated 
with thionyl chloride, creating an acid chloride functional group.  The highly reactive 
acid chloride groups would then react with Jeffamine, thus cross-linking the polymer 
single crystals with the epoxy matrix.  It is expected that crosslinking the single crystals 
with the matrix will greatly enhance the thermal and mechanical stability of the polymer 
single crystal lamellae[12]. 
 As a result of the high conductivity of the NHSK SME film composite, alternative 
shape memory stimulus experiments were performed.  The electro-active behavior was 
very similar to other materials that have been reported.  For example, at MWCNT 
polyurethane SMP composite was created with low conductivity (3.5*10-2 S/m) [113].  
However, this material did not exhibit shape memory behavior until it was coated with 
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polypyrrole.  By spin coating the composite with polypyrrole, the conductivity was 
increased to 9.8 S/m, and an electro-active stimulus mechanism was enabled.  At 40 volts 
DC the material recovered in 20 seconds.  In another example, carbon nanofiber SME 
epoxy composites were synthesized with very high conductivity (30.6 S/m) [162].  The 
high conductivity and continuously non-woven fibers achieved an extremely fast 
actuation, showing full recovery in 2 seconds at 20 volts DC.   
Future work involves using other film impregnation techniques, such as vacuum 
infiltration, to try and successfully remove both layers of unmodified epoxy.  
Additionally, TMA experiments need to be conducted to fully characterize the shape 
memory behavior of the NHSK SME film composites.  Lastly, in situ tensile testing with 
SAXS and Raman scattering is necessary to help determine the CNT stress transfer and 
defect mechanism during yielding[184]. 
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CHAPTER 7 
 
CONCLUSIONS 
 Carbon nanotubes were successfully functionalized with poly(ethylene-co-acrylic 
acid) polymer single crystals, creating nano-hybrid shish kebabs.  The inherent nature of 
the random copolymer significantly effected the crystallization and thermal behavior, 
complicating the NHSK synthesis.  However, the addition of carboxylic acid groups 
greatly enhanced the wetting properties and NHSK functionality opportunities.  The 
NHSK buckypaper-like films showed extremely high conductivity, analogous to other 
SWCNT/PE composites.  Additionally, the mechanical properties of the films were 
comparable to pure buckypaper. 
 Multi-walled NHSKs were incorporated into a shape memory epoxy matrix using 
a solvent evaporation and in situ polymerization technique.  The bulk composites 
exhibited shape memory behavior similar to the unmodified epoxy, and had moderately 
improved mechanical properties.  Electrical conductivity and mechanical reinforcement 
was inhibited by phase separation, composite synthesis limitations, and MWCNT NHSK 
purity.   
 Single-walled NHSK films were impregnated with shape memory epoxy to create 
NHSK SME composites.  The improved wetting behavior of PEcoPAA enabled the 
synthesis of fully dense composite films.  The CNT dispersion was significantly 
improved since NHSK suspension in the epoxy monomer is eliminated.  Astounding 
mechanical reinforcement was achieved due to high CNT loading and improved 
interfacial matrix interactions from CNT exfoliation and NHSK nano-anchor effects.  The 
high conductivity of the film composites also facilitated an electro-active shape memory 
stimulus mechanism.  Applications for the shape memory epoxy NHSK nano-composites 
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are anticipated in actuators, sensors, deployable devices, self-repairing structural 
materials, smart coatings, and robotics etc.  
7.1 Realistic Constraints 
Below is a list of several realistic constraints considered during this work: 
• Economic:  Shape memory polymers are clearly an up and coming industry, 
which will lead to job creation and replacement, as older technologies are 
eliminated.  PEcoPAA NHSKs also offer many potential economic opportunities. 
• Environmental:  Epoxy is non-biodegrading and issues with disposal may arise. 
• Social:  Creation of shape memory polymer and NHSK jobs, while also making 
current jobs obsolete. 
• Political:  None 
• Ethical:  Health and safety of workers developing these materials. 
• Health and Safety:  Potential health risks from CNT dust inhalation, 1,2-
dichlorobenzene, and bisphenol-A. 
• Manufacturability:  Since NHSKs are synthesized in dilute solutions large-scale 
manufacturing will require 1,2-dichlorobenzene recycling for economic 
feasibility.  Additionally, the high costs of Savillex PTFE membranes may require 
other processing techniques for large-scale NHSK film synthesis. 
• Sustainability:  Shape memory materials are self-repairing or self-healing, and 
thus highly reusable. 
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CHAPTER 8 
 
FUTURE WORK 
The results from this research show that several future experiments are necessary to fully 
characterize and discover the possible future directions of these materials, including: 
• Thermo-mechanical analysis  
o To characterize the shape memory properties of the SME composites such 
as: shape recovery, shape fixity and hysteresis. 
• Cross-linking 
o Covert PAA carboxylic acid groups to acid chlorides, to enable cross-
linking between the polymer single crystal lamellae and the matrix 
material. 
• In situ tensile testing 
o With SAXS to monitor defect creation or periodic structural changes that 
occur during yielding [185, 186]. 
o With Raman scattering to monitor the stress transfer on the CNTs, from 
shifts in G band [184]. 
• Toughness Measurements 
o Epoxy is generally very brittle, and the rough fracture surface images and 
DMA results suggests toughness improvements in NHSK epoxy 
composites [187]. 
• Thermal Conductivity 
o CNTs have shown to improve the thermal conductivity of polymeric 
matrices [156]. Increased thermal conductivity will improve the SMP 
responsiveness [18]. 
• Porosity 
o Determine the porosity of the NHSK films, and its relationship to polymer 
single crystal lamellae size and composite properties. 
• CNT alignment 
o Develop anisotropic composites with improved physical properties [183]. 
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• Synthesis Experiments 
o Use well-defined PEcoPAA with controlled PAA placement, for improved 
crystallization behavior and easier NHSK synthesis [157]. 
o Improve NHSK dispersion in bulk composites by experimenting with 
other synthesis techniques or other polymer matrices. 
o Remove excess epoxy from NHSK film composites by investigating other 
techniques, such as vacuum infiltration [152]. 
• Applications 
o Perform applications specific shape memory experiments. 
o Investigate the use of PEcoPAA NHSK films for other applications, such 
as nanoparticle attachment for nanoelectronic devices and catalyst 
supports. 
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